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1  Introduction
It is now widely acknowledged that if the world is to avoid the worst of the 
projected impacts of climate change, then, in addition to urgent actions to 
reduce emissions of greenhouse gases (GHGs) to the atmosphere, removals 
are also needed (IPCC 2019, Rockström et al. 2017). Of the removal or ‘negative 
emissions’ technologies, natural climate solutions are an attractive option 
(Griscom et  al. 2017). Soil organic carbon (SOC) sequestration, the process 
of removal of atmospheric carbon dioxide (CO2) and storage as organic 
matter in soils, has immediate and broad applicability, offers potential for 
substantial climate change mitigation (Minasny et al. 2017, Paustian et al. 1997, 
Sanderman et al. 2010, Sanderman et al. 2017), and can contribute co-benefits 
for food security, ecosystem services and achievement of multiple Sustainable 
Development Goals (SDGs) (Keesstra et al. 2016, Keesstra et al. 2018, Paustian 
et al. 2016).

A systematic review of the literature has indicated that sequestration of 
soil carbon may contribute to removals of as much as 5 Gt CO2 year−1 (Fuss 
et  al. 2018). However, sequestration is variable across agro-ecological areas 
(Bossio et al. 2020) and will be highly dependent on levels of adoption of SOC-
positive practices by landholders at scale. Past studies indicate that barriers to 
uptake can be substantial, and may include insufficient clarity on the impacts 
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of recommended practices on agricultural productivity, yields and profitability; 
poor or unknown compatibility of actions with farm operations; and uncertainty 
in whether any significant increase in SOC stocks will occur and, whether it is 
practical to measure the change (Box 1). Even where there is strong scientific 
evidence for positive productivity and environmental outcomes of carbon-
sequestering practices, uptake among land managers has generally remained 
low (Paustian et al. 2019).

Policy frameworks that can provide information, training and financial or 
other incentives to adopt more sustainable practices represent an opportunity 
for governments or private organisations to invest in increasing soil carbon 
sequestration for climate change and other objectives. In this chapter, we 
explore how creation of national- or regional-scale frameworks appropriately 
linked to broader farm and forestry management, and supported by research, 
governance and rigorous practical measurement, reporting and verification 
(MRV) systems, can foster adoption of soil carbon sequestration practices. 
Frameworks can take a range of forms, but in this context, they would be 
expected to set out objectives, procedures, and incentives to guide soil 
management decisions for climate change, food security and sustainability 
benefits.

Box 1 Evolution of soil carbon research informing 
future action
Some of the earliest scientific reports of the eighteenth and nineteenth 
centuries focused on the role of soils and atmosphere in enabling 
plant growth. The early history was reported by Sir John Russell of 
Rothamsted Research Station in his landmark book ‘Soil Conditions 
and Plant Growth’ (Russell 1912). A mix of speculation, observation 
and experimentation over the prior two centuries helped resolve 
controversies on how soil, water, nutrients and atmospheric carbon 
interacted to control plant growth (see Keating and Thorburn (2018) 
for a more detailed summary). Over the past 70 years, research on 
soil organic matter and measurement of soil carbon content have 
evolved in a way that provides a context for current understanding 
of how good practice for soil carbon sequestration may be fostered 
more effectively (Fig. 1).
The founders of Rothamsted Experimental Station (JH Gilbert and 
JB Lawes) were pioneers in what we know now as soil fertility and 
crop agronomy science, and the long-term trials they established in 
the 1840s are still continuing to the present day. Some of these trials 
have been important for building and testing soil carbon models 
(Jenkinson 1990).
Building on these centuries of studies on soil fertility and crop yields, 
intensive research on SOC and climate change mitigation began in 
earnest during the 1990s (Barnwell et al. 1992, Paustian et al. 1997). 



Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 3

The initial focus was on understanding the contribution of land 
conversion and land use to increasing atmospheric CO2 (e.g. Dalal 
et al. 2021a, Guo and Gifford 2002, Henry et al. 2018, Murphy 2020). 
By the late 1990s, research on rates of SOC sequestration moved 
towards assessing the value of management practices that increase 
soil organic matter (SOM) in diverse land uses and eco-regions as a 
climate change mitigation strategy. A variety of practices in croplands 
(Paustian et al. 1997, Lal 2004, Johnson et al. 2005, Franzluebbers 2005, 
Ogle et al. 2005, Causarano et al. 2006, Balkcom et al. 2013, Martens 
et  al. 2005), such as the inclusion of cover crops (Causarano et  al. 
2006, Lal 2015a,b,c, Poeplau and Don 2015, Sainju et al. 2008), and in 
grazing lands (Conant et al. 2001, Schuman et al. 2002, Franzluebbers 
and Stuedemann 2009) and forestry and biofuel planting (Liebig et al. 
2008, Follett et al. 2012) have been evaluated. As noted in the review 
by Stockmann et al. (2013), the results of field trials extending over 
periods of decades, and preferably for at least 100 years (referred to in 
this article as the ‘permanence’ period for storage) are more valuable 
than the outcomes of short-term experiments (Johnston et al. 2009, 
Powlson et al. 2011). Long-term monitoring enables the comparison 
of soil carbon under different practices over the time scales that are 
needed to understand the dynamics of SOC stock changes and their 
contribution to climate change mitigation.

2  Designing a framework to foster soil organic carbon 
sequestration

The key considerations in a framework for incentivising soil carbon sequestering 
actions by land managers include:

 1 Sound scientific basis linking a management practice to soil carbon 
stock change, and real and achievable sequestration with permanence 
(long-term stability). It is essential that the evidence accounts for the 

Figure 1  Illustrative timeline of research and monitoring of organic 
matter and carbon in soils, showing the evolution of interest driving 
research and development of metrics.
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full system-wide consequences in terms of changes in SOC stocks or 
greenhouse gas emissions elsewhere, that is, avoids leakage, limits 
other environmental trade-offs and does not have negative socio-
economic impacts;

 2 Policy and legal instruments to enable payments or other incentivisation;
 3 MRV and auditing protocols to provide appropriately rigorous 

accounting for soil carbon sequestration claims, credits and incentive 
payments; and

 4 Consultation on socio-economic and cultural barriers to adoption of 
new practices, provision for training and education on the synergies or 
antagonisms with existing farm operations, and co-benefits of increasing 
SOC stocks.

This list is not exhaustive but is intended to facilitate discussion on how 
frameworks can be designed to improve opportunities for soil carbon 
sequestration in managed lands (Fig. 2).

2.1  Evidence linking practices to soil carbon outcomes

The evolving focus of soil science research for multiple benefits is expanding 
the body of evidence on the pivotal role of SOM and SOC in ecosystem 

Figure 2  Schematic of a framework to foster adoption of management practices that 
increase sequestration of SOC in agricultural and other lands at the national or regional 
scale.
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processes and their potential role in the societal response to climate change 
and towards meeting the SDGs (Keesstra et  al. 2016, 2018). In general, 
government programmes require sound scientific evidence in order to have 
the high level of integrity that is expected for public funding (Macintosh et al. 
2019, Schneider and La Hoz Theuer 2019). Similarly, private investment in 
markets for carbon offsets requires confidence that the activities and practices 
being implemented will result in genuine climate abatement.

An incentivisation framework based on sound evidence for recommended 
practices will help manage the risk to participants in terms of non-achievement 
of SOC increase and a resultant loss of the confidence needed to continue 
implementing the practice, but it cannot eliminate the uncertainty entirely. 
Importantly, the range of prospective practices identified in experimental 
trials (Sanderman and Baldock 2010, Dalal et al. 2021b) cannot be assumed 
to apply uniformly, due to the heterogeneity in natural and human systems 
across global or national climatic, geographical, socio-economic and cultural 
landscapes (Johnston et al. 2009, Rumpel et al. 2020). In addition, there remain 
gaps in data and process understanding of how current and future climate, 
land use, management and edaphic factors will interact to influence the stocks 
and stability of SOC (Stockmann et al. 2013, Sun et al. 2020). Hence, systems 
and procedures are needed within the framework design to manage the risks in 
changing management practices, including the uncertainties around achieving 
soil carbon storage that is above the business-as-usual baseline, and the 
relationships with agricultural or forestry yields. An approach that incorporates 
flexibility in enabling instruments to allow incorporation of improved data, 
nascent knowledge and/or emerging technologies is recommended due to 
evolving knowledge and data (Arrouays et al. 2014, de Gruijter et al. 2018).

Chenu et al. (2019) discussed the potential to increase carbon stocks in 
agricultural soils and the prospective practices shown to influence organic 
matter dynamics, such as conservation agriculture (including no-tillage), deep-
rooting crops, organic manures, irrigation (where available) and balanced 
fertilisation. They highlighted the existence of knowledge gaps and summarised 
key research questions relevant to the design of a framework to equip farmers 
with the confidence and accounting capacity needed for investment in fostering 
good practices for SOC increase:

 • What practices can increase soil carbon stocks, what is the rate of increase 
and for how long would the rate of increase continue?

 • Where should soil carbon stock increase be prioritised?
 • How should potential gain in carbon be estimated?

There is now an improved understanding of the biophysical processes that 
follow implementation of practices such as conversion to reduced tillage, 



 Creating frameworks to foster soil carbon sequestration6

Published by Burleigh Dodds Science Publishing Limited, 2023.

increasing irrigation, applying chemical fertiliser or organic amendments 
(including biochar), and rotational grazing (Paustian et  al. 2019, Dalal et  al. 
2021b). Access to local data to inform farm management decisions is also 
expanding, and these improvements flow through to refinement of farm-
scale simulations of SOC sequestration for crediting schemes. Process models 
now allow for predictions of longer-term outcomes under rising atmospheric 
carbon dioxide levels and climate changes such as warming soils and more 
severe droughts (Dalal et al. 2021a), but further research is needed to resolve 
outstanding questions (Amundson et al. 2015, Dalal et al. 2021a). The areas of 
active research include the role of microorganisms in stabilising organic matter 
applied to soil and the risk of ‘leakage.’ Organic amendments per se add carbon 
that was produced elsewhere; but its constituent nutrients such as nitrogen 
(N) and phosphorus (P) may contribute to enhanced carbon sequestration via 
increased biomass production as well as via a C:N:P stoichiometry approach 
(Chenu et al. 2019). These complex dynamics present accounting challenges 
(e.g. Australian Government 2018), as also do uncertainties in the extent 
of change in SOC storage in deeper soil layers (Murphy et  al. 2019). Some 
differences in reported outcomes for management implementation likely reflect 
the lack of consistent definitions of practices and the absence of standardised 
measurement and verification protocols at the spatial and temporal scales 
required for quantifying change.

The most valuable insights come from long-term experimental trials, 
but they are costly to maintain and monitor (see Box 1). Globally, there are 
few continuous multi-decadal trials, and most are in temperate agricultural 
regions (Poulton et al. 2018, Powlson et al. 1998). For other regions, many of 
the assumptions on the dynamics of SOC have necessarily been derived from 
local short-term experiments. The risk of extrapolating rates of sequestration 
from short-term monitoring and across climatic zones can be illustrated by 
data from studies over different durations in eastern Australia. A five-year pilot 
study in the central-west region of New South Wales examining the potential 
for farmers to earn carbon credits from implementation of new practices, 
measured rates of increase in SOC as high as 1.2 Mg C ha−1 year−1 in carbon-
depleted land converted from cropping to permanent pasture (Badgery et al. 
2020). In contrast, three longer-term trials (13–25 years) in permanent pastures 
near Wagga Wagga, a somewhat more arid area of New South Wales, also 
with low initial SOC concentrations, suggested that improved soil nutrient and 
grazing management may increase sequestration by only 0.5–0.7 Mg C ha−1 
year−1 (Chan et al. 2011). Such comparisons suggest that caution is needed in 
assuming that the initially high rates of SOC storage following management 
change can be maintained. While this may be due to sequestration slowing as 
a new equilibrium SOC level is approached, the results also point to the risk of 
extrapolation to other locations or practices.
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The evidence base required to establish soil carbon sequestration 
frameworks should also extend beyond the site-specific soil biophysical 
processes to socio-economic impacts (Poulton et al. 2018; see Section 2.4) and 
systemic consequences, including for greenhouse gas emissions associated 
with practice changes such as irrigation (Kong et al. 2009, Trost et al. 2013), 
fertilisation (Rumpel et  al. 2020, Van Groenigen et  al. 2017) or livestock 
management (Chang et al. 2021, Harrison et al. 2021). Soil carbon sequestration 
activities that involve changes in land use or management, such as shifting 
from intensive crop production to reduced cropping intensity and pasture or 
‘set-aside’ transitions can have wider land-use consequences (Gil et al. 2018). 
Further, the framework development phase should seek to understand any 
limitations to landholder participation due to legal (e.g. land rights) and policy 
issues.

2.2  Policy and governance requirements

2.2.1  The policy context for incentive frameworks

A primary objective of SOC sequestration policy frameworks and programmes is 
to incentivise increases in SOC stocks above the business-as-usual baseline while 
ensuring an improvement in the net greenhouse gas balance. Consideration is 
generally given to the global context by seeking consistency with international 
climate change agreements as well as domestic policy priorities. The United 
Nations Framework Convention on Climate Change (UNFCCC) and its Kyoto 
Protocol established a system of national communications and greenhouse 
gas inventory reporting, to be compiled by parties and published by the 
UNFCCC. Under the 2015 Paris Agreement, 194 countries and the European 
Union (UNFCCC 2021) have signed up to taking action to limit global warming 
to less than 2ºC, and preferably no more than 1.5ºC, and to report progress 
against a Nationally Determined Contribution (NDC). For countries (120 at the 
time or writing) who have committed to achieving net-zero emissions before 
the second half of this century, carbon sequestration in vegetation and soil is 
needed to offset ‘hard-to-abate’ emissions. This effectively embeds frameworks 
to encourage SOC storage in policy and carbon market contexts (Table 1). At the 
global scale, the multi-stakeholder ‘4 per 1000’ initiative (https://www .4p1000 
.org/) which was launched at UNFCCC COP21 in 2015 seeks to galvanise action 
to improve soil carbon storage and soil health as set out in the Soils for Food 
Security and Climate vision (Rumpel et al. 2020).

The effectiveness of these policies, programmes and initiatives to foster 
adoption of practices that increase SOC storage will help to determine how 
much of the biophysical potential sequestration will be achieved in practice 
(Sanderman et al. 2017).

https://www.4p1000.org/
https://www.4p1000.org/
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2.2.2  Insights from existing frameworks and programmes

Frameworks or programmes that incentivise SOC sequestration through 
carbon credit mechanisms commonly include functions for: (i) developing and 
approving/legislating methods or standards to quantify credits; (ii) reviewing, 
registering and auditing projects against the method or standard requirements; 
and (iii) issuing, transferring and operating a registry of offset credits (Broekhoff 
et  al. 2019). It is crucial that policy frameworks aiming to incentivise new 
practices for credible increases in soil carbon consider:

 • permanence (considered to be ≥ 100 years) of the SOC sequestration, 
including the risk of reversal through changes in land management or 
natural events such as drought;

 • additionality beyond business-as-usual management and baseline SOC 
stocks when credits are to be counted as offsets;

 • leakage risk, that is, whether eligible SOC practices lead to increased 
emissions elsewhere; and

 • accuracy and uncertainty in the SOC stock change, allowing for assessment 
of bias or errors, data limitations, modelling assumptions or projected 
future values.

The design of effective frameworks also requires appropriate consideration 
of the risks and complexities for landholders and jurisdictions associated 
with practice change. Risks to jurisdictions depend on context-specific factors 
including priorities and budgets (COWI 2021, Peng et al. 2021), and the nature 
of individual and industry behavioural resistance to existing options available 
for soil carbon management (Alexander et  al. 2015). Experience shows that 
diverse economic, social, cultural and psychological barriers will need to 
be overcome for uptake of practices to increase carbon storage – whether 
primarily for climate mitigation or to rehabilitate degraded, SOM-depleted 

Table 1 Examples of policies and programmes which credit soil organic carbon offsets

Policy or Programme Credit name Scope Reference

Australian Emissions 
Reduction Fund (ERF)

Australian Carbon 
Credit Unit (ACCU)

Australia Macintosh et al. 
(2019)

Alberta Emissions Offset 
Program (AEOP)

Alberta Emissions 
Offset Credit (AEOC)

Alberta, Canada Goddard (2008)

The Gold Standard Verified Emissions 
Reduction (VER)

International 
(non-government)

Gold Standard 
(2020)

Verified Carbon Standard Verified Carbon Unit 
(VCU)

International 
(non-government) 

Verra (2012)
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lands (Alexander et al. 2015, Amundson et al. 2015, Lal et al. 2003, Lal 2015a, 
Rumpel et al. 2018). For example, policy design must consider whether change 
in land management to increase sequestration could potentially have social 
and environmental consequences such as reduced community access to 
productive agricultural land for food and fibre crops or could encroach on land 
valued for natural ecosystems and conservation reserves. The design challenge 
is exacerbated because research undertaken to inform policy frameworks 
may identify these issues poorly, if at all, in projections focussed on mitigation 
potential (Dooley et al. 2018). Nevertheless, these authors suggest that cross-
disciplinary consultation and research can lead to a better understanding of 
the links between land use and climate change mitigation and support analysis 
of multiple objectives and interests to clarify how limited land resources can 
optimally be managed.

A significant design question for SOC frameworks is how to provide 
incentives which ensure that the adoption of new practices results in a long-term 
commitment to achieving genuine and sustained increases in SOC storage and 
minimises the risks of reversal of gains. This is only possible if the framework 
includes provisions for measurement and verification of changes in SOC stocks. 
Key technical considerations in the development of an MRV strategy include: 
(i) the purpose of measurement and level of confidence required; (ii) how to 
balance trade-offs between accuracy and measurement costs; and (iii) the 
extent to which the intensity and frequency of measurement and reporting may 
act as a barrier to voluntary participation. There is an expanding number of 
carbon-offset programmes (Table 1), each having its own rules for crediting 
and level of quality assurance, and this provides a sometimes confusing 
array of complex information that land managers need to weigh up before 
committing to practice change. The situation is exacerbated for frameworks or 
schemes that seek to create credits with value across jurisdictions or markets. 
From a policy perspective, more rigorous MRV systems will be required for 
recognition of offset credits as fungible commodities certified as representing 
a reduction of one metric tonne of carbon dioxide-equivalent emissions (t 
CO2-e) (Schneider et al. 2019). The requirements and challenges for farm- or 
field-scale MRV to quantify SOC stock change are discussed in more detail  
below.

2.2.3  Common policy features in soil carbon sequestration 
programmes

The structure of frameworks varies between international, centralised schemes 
such as the Clean Development Mechanism (CDM), schemes that are private 
and independent (including some that issue credits that can be used in public 
or private compliance or market mechanisms) and domestic programmes with 
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responsibilities to government. Here, a short overview is provided of the policy 
elements common to most programmes.

Governance, administration and strategic direction: A framework requires 
some form of governing body and administrative support, whose 
responsibilities could include developing the rules or methods and 
guidelines and approving, registering and overseeing implementation 
of projects and credit issuance. Some of these roles could be delegated, 
for example, in the not-for-profit organisation Verra, which is guided by a 
board of directors while private advisory committees develop standards 
and methodologies (Verra 2012). In all cases, a formal process is needed 
to establish eligibility of activities and projects and to maintain an account 
and registry of projects and credits to aid credibility.

Integrity: A process is needed to explicitly ensure that the GHG abatement 
(increased SOC sequestration less any associated emissions) is genuine 
and additional to what would occur under business-as-usual management 
practices, that is, in the absence of the incentive offered by the 
programme. Concepts related to ensuring environmental integrity include 
baseline setting, additionality, permanence of abatement/sequestration, 
avoidance of double counting and not causing other environmental harm 
such as negative impacts on biodiversity or loss of agricultural productivity 
leading to food insecurity.

MRV systems, tools and protocols: To ensure that policies support 
transparency and accountability in the issuance of carbon credits, offsets 
must be quantified in a way that is conservative and verifiable. The aim is to 
provide confidence that each offset corresponds to a real increase in SOC 
sequestration for the nominated ‘permanence’ period and represents 
a fungible unit (t CO2-e) for offset markets. However, balancing cost-
effective practical monitoring and reporting at farm scale with accuracy is 
challenging, as discussed below.

Stakeholder engagement: Actively engaging stakeholders (including farmers 
and advisers) in the scheme design process and regularly consulting during 
implementation can be effective in increasing uptake and commitment. 
Economic incentives are an important attractor for farmers but consulting 
on simplifying design or minimising initial baseline measurement costs have 
also been shown to influence participation (Macintosh et al. 2019). Integrating 
training and advisory opportunities into the scheme from the outset facilitates 
farmer learning and encourages adoption, especially if combined with 
raising awareness of the co-benefits of SOC sequestration for the farming 
business and as a societal approach to climate change mitigation.

Carbon pricing instruments and market mechanisms: Carbon market 
instruments may be voluntary or legislative. Policy issues for national 
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frameworks to foster soil carbon sequestration extend across scales from 
transnational (e.g. market distortions) to farmer behaviour (Sampson 
and Sedjo 1997). Further, the policy design may include the capacity to 
generate demand for credits through linkage with other pricing or market 
instruments. Industries are increasingly adopting action on climate change 
as part of business risk management, which is creating a demand for eligible 
offset credits (e.g. TFCD 2021). Emissions trading systems, at the national 
or regional scale, are enabling trade in emission permits and offset credits 
issued for SOC sequestration. Alternatively, jurisdictions may link their 
policy instruments to allow permits or credits to be traded across borders. 
The scope of trades may expand through the provision for international 
transfers to achieve country targets under Article 6 of the Paris Agreement 
(Müller and Michaelowa 2019, Schneider and La Hoz Theuer 2019).

Co-benefits and trade-offs: Recognising the co-benefits such as biodiversity 
enhancement, water retention capability and reduced soil erosion, 
through ecosystem services credits (Lal et  al. 2015, DES 2020, Flores-
Rios et al. 2020) enhances farmers’ ability to see value in improving their 
management practices to increase carbon sequestration (COWI 2021). 
There may also be trade-offs which should be identified. However, in 
general, few holistic assessments account for both benefits and trade-offs 
between agricultural, environmental, economic and social dimensions 
in land-use policies. While model-based holistic assessments can be 
challenging to formulate and fraught with uncertainties (Bishop and Welsh 
1992, Harrison et  al. 2012a,b), they can provide some cross-discipline 
evaluation for informing decision-makers about potential trade-offs and 
co-benefits and inform assessment of the possible opportunity costs of 
achieving environmental goals. The economic estimates of the minimum 
value of carbon sequestration credits and other environmental goods 
can assist a policy framework to achieve a net gain in social welfare, and 
opportunities for payments for ecosystem services credits (Baumber et al. 
2019, DES 2020) may provide additional incentives for practice change by 
farmers (Lal et al. 2015, Kragt et al. 2016). Across these elements, policy and 
governance requirements for frameworks must take into consideration the 
objectives and the geographical and temporal scope of the desired carbon 
stock increase, and include explicit measures for ensuring environmental 
integrity and long-term maintenance of management changes.

2.3  Measurement, reporting and verification (MRV) systems for 
frameworks to incentivise practice change

While measurements of the carbon or organic matter content of soils 
(percentage SOC or SOM) have informed agronomic decisions over many 
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decades (Box 1, Paustian et al. 2019), recent imperatives for greenhouse-gas-
reporting and project-scale-monitoring to enable crediting of soil carbon 
offsets necessitate more rigorous quantification of SOC stocks and stock 
change. Policy frameworks or market mechanisms specify appropriately 
accurate estimation at field or farm scale, which together with the reporting and 
verification requirements aim to ensure consistency, reliability and integrity. If 
implemented properly, the framework will issue high-quality SOC sequestration 
offsets that have credibility in market mechanisms, demonstrate genuine long-
term removal of atmospheric CO2 (Chenu et al. 2019), and ideally, be consistent 
with national targets and inventory reporting. To achieve this, an MRV system 
for offsets must also include protocols to account for CO2, nitrous oxide (N2O) 
and methane (CH4) emissions arising from new land management activities.

2.3.1  Overview of MRV approaches for soil organic carbon 
sequestration

There are challenges in designing MRV systems that balance accuracy, cost and 
practicality in a way that enables accounting that is fit-for-purpose (Paustian 
et al. 2019). Recognizing that access to resources and capacity for MRV can limit 
participation in incentive schemes, some have rewarded the adoption of SOC 
sequestering practices by action-based payments calculated on the expected 
result, rather than on measures of ex-post changes in SOC, as required in a 
result-based scheme such as Australia’s ERF (Baldock and Burgess 2017) or 
Canada’s Alberta Offset System (Goddard 2008). A framework providing 
government grants or payments for SOC management that is based on overall 
conservation benefits and could include improving soil health, ecosystem 
function and farm productivity (Govaerts et al. 2009) would normally require 
less rigorous quantification and lower MRV costs. However, the European 
experience has shown that action-oriented schemes not only have higher 
uncertainty (Burton and Schwarz 2013) but can be less successful in building 
confidence in the value of good practice over the long term (COWI 2021).

Traditional in-field measurements using destructive sampling and 
laboratory analysis are still the most widely accepted methods to accurately 
quantify SOC sequestration, but high costs are a barrier to participation 
(Commonwealth of Australia 2020). Prospects for lower-cost alternative 
technologies for SOC quantification are being explored, but issues remain to 
be overcome to enable their routine use in SOC crediting schemes (Costa Jr 
et  al. 2020, Paustian et  al. 2019, Smith et  al. 2020, Jackson Hammond et  al. 
2021). Promising approaches include spectroscopy (Australian Government 
2018, Viscarra Rossel et al. 2016), flux measurements (FAO 2019, Mudge et al. 
2020), indicator or proxy measures (Wiesmeier et al. 2019, Terrer et al. 2021) 
and modelling (Powlson et al. 1998, Smith et al. 1997). Modelling and hybrid 
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methods that use a combination of direct measurement, modelling and remote 
sensing are being trialled as alternatives to direct measurement for practical 
quantification options with appropriate accuracy (Zhang et al. 2019, Jackson 
Hammond et al. 2021). Systems for SOC MRV are presented in detail elsewhere 
in this volume, while here we discuss issues for MRV relating specifically to 
national frameworks for fostering SOC-sequestering practices.

Quantifying SOC storage attributed to adoption of new management 
practices is challenging because it necessitates measuring a small percentage 
change in a much larger, dynamic pool (Batjes 2014) largely driven by climate 
and soil characteristics (Allen et al. 2013, Rabbi et al. 2015, Sun et al. 2020). As 
described by Paustian et al. (2019), targeting a potential annual stock change of 
1% or less means that measurement intervals of 5 years or more are generally 
required to detect statistically significant cumulative SOC stock changes 
for a moderate sampling density. To encourage participation in frameworks, 
strategies may be needed to enable early payments before confidence in 
detected SOC stock change is established (Commonwealth of Australia 2020).

Table 2 summarises the main components of an MRV system relevant 
to carbon crediting frameworks and provides examples of how emerging 
measurement and modelling capabilities may, in future, be integrated into 
carbon-crediting frameworks.

While a key strategic need is for accessible, harmonised, globally reconciled 
SOC databases that include management history, improvements in MRV could 
be readily achieved at low cost with better integration of current sources of 
data and commitment to maintain and consistently monitor long-term and 
short-term field trials, investment in advancing modelling capability, analysis of 
uncertainty and bias in simulations, and evaluation of how to use the increasing 
spatially-explicit activity data and the higher resolution remote-sensing 
platforms now available (Angelopoulou et  al. 2019). Together these would 
enable the development of more accurate spatial data for model inputs and 
validation data for land use and management. Smith et al. (2020) summarised 
the gaps and needs to achieve better SOC monitoring and MRV practice that 
would support frameworks to foster practice for SOC sequestration:

 • the provision of long-term continuity and consistency of monitoring in 
MRV systems under changing conditions;

 • scientifically and politically appropriate spatial and temporal resolution for 
measurements;

 • quality assurance at all stages of measurement and monitoring;
 • documentation and measurement of all potential drivers of change in 

SOC stocks and greenhouse gas emissions; and
 • geo-referenced samples archived with associated (harmonised) data 

made accessible.
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2.4  Economic, social and cultural considerations in 
incentivisation frameworks

Review of the literature indicates a greater focus on biophysical and 
technological aspects of frameworks to incentivise climate change mitigation 
actions by landholders than on economic aspects (Harrison et al. 2021), and still 
less evaluation of social and cultural barriers. This observation likely reflects the 
broader traditional pathway in which scientific research is conducted, from an 
initial focus on technological questions, followed by biophysical (productivity 
etc.), then economic, and lastly, social and cultural aspects (Alcock et al. 2015, 
Ho et  al. 2014). However, it can be argued that the policies and design for 
frameworks intended to influence behavioural and management decisions 
by farmers over extended periods, such as for adoption of SOC sequestering 

Table 2  Major components of MRV systems and their possible integration in an SOC 
incentivisation framework

Purpose Component activity
Applications for SOC 
data (examples)

Measurement/
monitoring

Long-term field trials/ experiments Impact of management/practices 
on yield; Soil health; SOM and SOC 
content 

Short-term experiments;
On-farm soil tests

Process studies; Model calibration;
Agronomic decisions

Measurement, 
Reporting

SOC/GHG models
  Calibration – short-, long-term  

data
 Validation – long-term data
  Verification – survey data, remote 

sensing

Deriving Tier 2 Emission Factors
Tier 3 methodologies
Process/predictive data for policy 
and planning

Spatial data Model inputs (e.g. climate, soils, 
land cover layers)

Activity data Management data at farm/paddock 
scale

Measurement, 
Verification

Spatial soil re-sampling survey
Site/paddock re-sampling

Ground-truthing SOC change; 
activity data for models; ground-
truthing remote sensing
Project monitoring; SOC change/
verification

Measurement, 
Reporting, 
Verification
(Current and 
Emerging)

Remote sensing
Flux tower measurements
Spectroscopy
Process-based modelling
Other new technologies

 • Soils, vegetation data; Inputs to 
run or verify models

 • Verifying project activity; Non-
destructive sampling

 • Higher-density, spatial sensor 
and satellite data layers
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practices, would benefit from more, and earlier, economic and social science 
research (Sykes et al. 2020).

2.4.1  Economic considerations

Proponents of frameworks to foster SOC increase argue that positive 
incentives to change land management can result in substantial carbon 
sequestration in agricultural soils at lower cost than many alternative 
abatement activities (Kragt et al. 2012). However, considerable differences 
currently exist between economic viability at the farm level and financial 
support in national programmes and policies (Sampson and Sedjo 1997). 
The economic potential of agricultural carbon storage activities is likely to be 
lower than the technical potential (Bangsund and Leistritz 2008, Sanderman 
et al. 2017).

Landholders are more likely to adopt carbon sequestration practices if they 
see a clear financial advantage (Morgan et al. 2015), but the economic benefit 
of participating in a soil carbon sequestration payment framework depends 
on site-specific opportunity costs of changing production practices, the price 
of each tonne of carbon stored (as t CO2-e) and rates of sequestration and 
hence the carbon credits issued over time. For example, changing rotations 
in a crop–livestock farm in the Western Australian wheat belt to increase SOC 
stocks could mean foregoing more than A$80 in profit for every additional 
t CO2-e stored, depending on the crop residue retention practices adopted 
(Kragt et al. 2012), a value three- to four-fold the average carbon price under 
Australia’s ERF scheme (at the time of writing in mid-2021, one Australian 
dollar (A$1) was equivalent to approximately US$0.75). Economic incentives 
to encourage landholder adoption of SOC sequestration practices may take 
the form of payments or subsidies for increases in SOC stocks or penalties, 
such as taxes for SOC losses. A study of land use in France sought to compare 
the cost-effectiveness of approaches based on either payments to compensate 
for costs of implementing better practice, or taxes (Bamière et al. 2021). The 
study, which examined three SOC sequestration measures – no-till, extension 
of temporary grasslands and hedgerows – found a disparity between net 
SOC sequestration and costs of implementation. Hedgerows and extended 
pasture phases in mixed crop/pasture systems resulted in sequestration of, 
respectively, 14.5 and 1.6 Mt CO2-e, but very different average costs of €75/t 
CO2-e sequestered for the hedgerow option but – €259/t CO2-e in the case 
of extended pasture phases. Bamière et  al. (2021) found that increasing the 
carbon price from €50 to €100 per t CO2-e shifted the viability of actions and 
the dominance of farming enterprise participation. At the higher carbon price, 
the area of fallow land entering the scheme increased at the expense of the 
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least-cost carbon storage option of temporary grasslands. In a similar large-area 
land-use study, Nelson et al. (2008) examined trade-offs in land-use policies in 
the Willamette Basin (Oregon, USA) under three levels of economic stimulus 
using efficiency frontiers. In all cases, increasing payment amounts to private 
landholders to restore natural land cover simultaneously increased ecosystems 
services, biodiversity conservation and carbon sequestration (Nelson et  al.  
2008).

From a landholder perspective, the costs of participation and income from 
carbon are often the key determinants of entry into voluntary SOC sequestration 
schemes. Burton and Schwarz (2013) contend that result-oriented schemes 
with payments based on validated changes in measured SOC are likely to 
be more cost-effective than action-oriented schemes (payment for adopting 
sequestration practices), and that using competitive reverse-auction-based 
pricing further established cost-effectiveness in incentivisation payments. 
Directly linking payments to outcomes and offering contracts for bids that 
deliver higher sequestration benefits at lower cost have been identified as 
effective design options for incentivisation frameworks in other analyses (e.g. 
Latacz-Lohmann and Schilizzi 2007, Claassen et al. 2008, Matzdorf and Lorenz 
2010). This approach has been adopted in the Australian ERF policy framework 
(Commonwealth of Australia 2020, Macintosh et al. 2019) and is under active 
consideration for the EU (COWI 2021) at the time of writing.

2.4.2  Socio-cultural considerations

Social and cultural factors are the least explored areas with respect to 
frameworks to foster adoption of practices for SOC sequestration, but available 
studies indicate the relevant factors that include:

 1 Knowledge and trust: Many farmers maintain conservative value 
systems, place importance on personal independence and have high 
regard for autonomy (as opposed to egalitarian views of authority and 
shared decision-making). Amundson and Biardeau (2018) suggest 
that farmers, even those practising innovative methods, may be wary 
of information from non-farming experts and a perceived government 
intervention through environmental schemes. They propose that farm 
advisors, who are local community members with relevant practical 
experience, may help lower cultural barriers to adoption, indicating 
that understanding people and how to motivate practice change is 
likely to be more important in terms of fostering farmer uptake than soil  
expertise.

 2 Human and social capital: In his landmark work on the diffusion of 
innovations, Rogers (2004) proposed that every innovation relies on 
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human and social capital for adoption, depending on the innovation 
(here, national frameworks to foster uptake of SOC sequestering 
practices), communication channels, time and the social system and, 
further, that every innovation has some degree of status conferral. The 
provision of environmental capital through increased SOC stocks can 
be used to better establish social relationships that are beneficial over 
the long term (Bourdieu 1986, Burton and Schwarz 2013).

 3 Cultural assets and values of Indigenous peoples: Important 
considerations in some regions are: (i) the need to obtain free and prior 
consent before developing a ‘carbon farming’ project; (ii) whether local 
Indigenous people have control over benefit-sharing; and (iii) whether 
traditional land owners will have increased quality of life as a result of 
projects (Robinson et al. 2016). It is plausible that carbon credit trading 
may present risks in commoditising indigenous cultural practices 
and landscapes (Gerrard 2008) and, therefore, the design of national 
frameworks for fostering SOC sequestration needs to define institutional 
and regulatory mechanisms to ensure appropriate incentives that 
respect indigenous values and achieve agreed, sustainable outcomes 
(Heckbert et al. 2008).

 4 Long-term behavioural change: To be successful, any policy framework 
should foster not only shorter-term adoption of good practice for SOC 
increase but also beneficial long-term behavioural change (Matzdorf 
and Lorenz 2010). The design challenge is how to predict the level of 
[financial] incentive sufficient to elicit a desired behavioural change, 
in addition to what would occur in the ordinary course of events, due, 
for instance, to yield increase, but not so high as to attract a level of 
participation that is either not affordable under the scheme or, in a 
carbon market system, results in supply that exceeds demand, causing 
a drop in prices of carbon credits (Sampson and Sedjo 1997).

 5 Social and societal benefits of fostering SOC sequestration practices: 
While landholders bear much of the direct costs of increasing SOC 
stocks, the associated ecosystem services are largely public goods (Brady 
et al. 2019), through contributions to water quality and climate regulation 
and providing resilience to future disturbances. There is a risk of trade-
offs between private benefits, for example, higher yields, and wider 
societal benefits such as biodiversity and aesthetic services. A Swedish 
case study showed that the perceived value of conserving SOC stocks in 
agricultural land diverged between farmers and society in their decision-
making, indicating that optimal conservation of soil natural capital from a 
societal perspective would benefit from innovative information systems 
and governance institutions as well as market mechanisms (Brady et al.  
2019).



 Creating frameworks to foster soil carbon sequestration18

Published by Burleigh Dodds Science Publishing Limited, 2023.

2.4.3  Multi-dimensional aspects in framework design

Incentives to foster SOC sequestration currently operating through 
government-sponsored frameworks and private market mechanisms usually 
focus on carbon stock change metrics aligned with IPCC accounting (Section 
2.2). They may incorporate premium pricing for associated ecosystem services 
or social/economic credits (DES 2020, Verra 2012), and there is growing 
interest in considering more holistic approaches and interdisciplinary metrics in 
frameworks supporting sequestration (Chang-Fung-Martel et al. 2017, Rawnsley 
et al. 2016). Appropriately contextualised socio-economic and environmental 
‘bundling’ of incentives for SOC-positive practices in policy frameworks may 
enhance their adoption. However, uptake may not increase if farmers and 
other stakeholders do not understand how multiple policy instruments that are 
operating concurrently can interact to affect their interests (Börner et al. 2017).

3  An Australian case study
This case study examines the theory and practice of a policy framework for 
government and industry action and provides an example of the design of a 
national approach to incentivising voluntary adoption of practice to increase 
soil carbon in agricultural lands. The historical context for the framework is 
provided in Box 2.

Box 2 Developing a framework to foster increase 
in SOC in agricultural land: Historical context 
2000–2020
Climate change policy in Australia has been highly contested from a 
political perspective over the last two decades. There has been a litany 
of start, stop, revise, re-name and re-start of different policies, including 
a broad-based emissions trading system, a carbon tax, a direct-action 
program, a national energy guarantee (NEG) and many variations on 
these themes. Beneath the surface, however, there has been a broadly 
consistent program and policy development of national carbon 
accounts and emissions registers, and policy interventions to reduce 
the emissions intensity of different industry sectors and to incentivise 
carbon sequestration where possible. This consistent effort has been 
supported by technical capacity in policy departments and science 
agencies as well as a well-informed ‘community of practice’ in industry, 
particularly for agriculture and land management, and in the broader 
population.
Industry interest in carbon offsets was growing rapidly in the late 
2000s and various voluntary carbon offset schemes were emerging 
internationally (e.g. Gold Standard https://www .goldstandard .org/; 
Verra https://verra .org/). There was also angst in land-based industries 

https://www.goldstandard.org/;
https://verra.org/
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over the potential for emissions trading or carbon tax schemes to 
threaten industry viability in circumstances where the industry had few 
options for abatement action (e.g. technical options for CH4 emissions 
reduction in the livestock sector seemed few and far between at that 
time). At the same time, some suggested government incentivisation 
was needed to encourage carbon sequestration in trees and soils. 
The term ‘bio-sequestration’ gained currency to the extent that the 
Department of Prime Minister and Cabinet (PMC) established an Inter-
Departmental Committee (IDC) in 2009 to explore associated policy 
options.

3.1  Policy settings for Australian sequestration projects

The main policy and implementation elements underpinning Australia’s 
carbon offset scheme are summarised below, followed by an overview of 
the ERF scheme legislated to incentivise actions to reduce GHG emissions or 
increase carbon sequestration across all sectors of the economy. The following 
sections explain how the ERF operates to incentivise adoption of soil carbon 
sequestering practices by landholders and highlights some of the lessons 
learnt in the six years that it has been in place.

3.1.1  Overview of policy, governance and implementation 
elements

3.1.1.1 National Greenhouse Accounts

The National Greenhouse Accounts are a series of databases and 
comprehensive reports (National Inventory Reports, NIR) that estimate and 
account for Australia’s GHG emissions. The annual NIRs, which have fulfilled 
reporting requirements under the UNFCCC, its Kyoto Protocol and the Paris 
Agreement, are supported by a national spatial land sector program that in 
1998 established a national carbon accounting system (NCAS) for land sector 
GHG emissions and carbon sequestration. The accounting system set up 
modelling tools and datasets centred on the Full Carbon Accounting Model 
(FullCAM), in which SOC is simulated in agricultural (including grazed native 
vegetation) and forest lands across Australia’s total 769 million hectare land 
area through a sub-model based on the Roth C model (Jenkinson 1990).

3.1.1.2 NGER – National Greenhouse and Energy Reporting

The NGER scheme was established in 2007 as a national framework for 
reporting and disseminating company information, including GHG emissions, 
energy production and energy consumption.
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3.1.1.3 CFI – Carbon Farming Initiative

The CFI was established through the Carbon Credits (Carbon Farming Initiative) 
Act 2011 as a legislated project-based, baseline-and-credit offset scheme. 
Registered offset projects could generate certified offsets, Australian Carbon 
Credit Units (ACCUs), from land use, land-use change and forestry (LULUCF), 
agriculture and waste sectors. The CFI Act and its amendments are administered 
by the responsible Minister and Department.

3.1.1.4 CER – Clean Energy Regulator

The Clean Energy Regulator (CER) is an independent statutory authority that, 
since 2007, has administered schemes legislated by the Australian Government 
for measuring, managing, reducing or offsetting Australia's carbon emissions, 
including NGER, ERF and the Australian National Registry of Emissions Units 
which supports the CFI Act.

3.1.1.5 Climate Active

In 2019, Climate Active was formed as an update of the National Carbon Offsets 
Standard, which came into effect in 2010 to support the voluntary carbon offset 
market. This industry partnership, supported by government, aims to drive 
voluntary action towards carbon neutrality, based on the Climate Active Carbon 
Neutral Standard.

3.1.1.6 ERF – The Emissions Reduction Fund

The ERF was legislated in 2014 through the CFI Amendment Act to the Carbon 
Credits (Carbon Farming Initiative) Act 2011, to enable the CFI to extend 
voluntary abatement arrangements to all sectors of the economy (Box 3). The 
ERF was allocated A$2.55 billion in 2014 to purchase emissions reductions 
and extended by an additional A$2 billion in 2019 through the Climate 
Solutions Fund (CSF) to support international GHG emissions reduction  
targets.

3.1.1.7 ERAC – Emissions Reduction Assurance Committee

The 2011 Carbon Farming Initiative (CFI Act) established an independent expert 
committee to oversee the integrity of emissions abatement methodologies 
credited under the Act. Initially called the Domestic Offsets Integrity Committee 
(DOIC), and, after legislation of the ERF in 2014, the Emissions Reduction 
Assurance Committee (ERAC), this Committee assesses whether draft methods 



Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 21

comply with the set of legislated offsets integrity standards (OIS; Box 4), 
designed to ensure that only genuine, additional abatement and sequestration 
is credited. Only if determined by ERAC as meeting all OIS can a drafted ERF 
method be made into legislation.

3.1.2  How the Emissions Reduction Fund (ERF) incentivises 
abatement

The ERF is a carbon crediting and pricing mechanism aimed at providing 
incentives for organisations and individuals to adopt new practices and 
technologies that reduce their emissions and/or increase sequestration (Fig. 
4). Participation is voluntary. ERF methods set out the rules to enable projects 
to register under the scheme and to be issued with ACCUs. The ACCUs may 
be sold either through government reverse auctions or in private secondary 
markets as certified high-quality carbon offsets, providing income for 
participants. Activities that are eligible under ERF methods may provide public 
good through environmental, economic and social services as well as private 
good, for example through increased farm and forestry productivity, and social 
and financial benefits for Indigenous communities, and may attract additional 
value through other schemes (e.g. DES 2020). The ERF crediting, purchasing 
and compliance roles are summarised in Box 3.

Box 3 Summary: Emissions Reduction Fund (ERF) 
policy context
The Carbon Farming Initiative (CFI) Act 2011 was established to supply 
offsets to Australia’s carbon pricing mechanism (Fig. 3).
In 2014, the CFI transitioned to the ERF through amendment to the 
Act, covering all sectors of the economy.

Figure 3  ERF legislative instruments directly relevant to soil carbon 
sequestration projects are (left to right) the CFI Act 2011, the 2015 model-
based soil carbon method and the 2018 measurement-based method for 
soil carbon sequestration in agricultural lands.
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The three components of the ERF are:
 • A crediting scheme for eligible offset projects, with one ACCU 

earned for each t CO2-e abatement.
 • A purchasing scheme enabling purchase of ACCUs through 

periodic reverse auctions from project owners who have 
voluntarily entered into a carbon abatement contract with the 
government.

 • A safeguard mechanism that places legal emission obligations 
on major emitters (facilities emitting >100 000 t CO2-e per year), 
which can be met through relinquishment of ACCUs (potentially 
supporting a market demand).

ERF methods set out the eligibility, legal and procedural requirements 
for activities and projects to be issued with credits. Two soil carbon 
sequestration methods are available at the time of writing (Fig. 3)
By March 2021, about 205 million tons of abatement had been 
contracted under the ERF over a total of 962 projects registered under 
the ERF, with about 80% from agriculture- and forestry- related activities.

Governance responsibilities for the ERF scheme are shared by the Minister, 
the relevant government department, the CER and the ERAC. The Minister 
is responsible for developing new methods, varying and revoking existing 
methods and, with consideration of Departmental advice, determining 
method-development priorities. The CER is responsible for developing new 
methods and method variations and administering the scheme, including 
registering and crediting projects, conducting auctions, managing the 
Safeguard Mechanism and providing the Secretariat role for the ERAC. An 
independent body, the Climate Change Authority (CCA), which was set up to 
provide expert advice on climate change policy, undertakes a review of the 
ERF at three-year intervals.

3.1.3  Integrity and practicality in the ERF

The set of integrity standards (the OIS) has remained at the core of the 
CFI legislation and its derivatives, which have broadened its scope, since 
inception in 2011 to the present day. These standards sit behind and guide 
the development of the approved methods and the governance structure that 
seeks to ensure practical arrangements to encourage participation. In this way, 
the ERF aims to provide opportunities for uptake of methods and income from 
credits that have high credibility in primary and secondary market mechanisms.

The OIS, legislated in Section 133 of the CFI Act, are intended to provide 
confidence that the offsets credited are: (i) additional; (ii) measurable and 
verifiable; (iii) able to provide abatement eligible to be counted towards 
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Australia’s international emissions reduction obligations; (iv) evidence based; 
(v) deducted for GHG emissions that result from project activities; and 
(vi) conservative. In interpreting the OIS to assess compliance of new and 
varied methods, the ERAC seeks consistency in its approach but considers 
requirements in individual methods against each standard (Box 4, ERAC 2021). 
The ERAC is also required to adopt an interpretation of the OIS that would best 
achieve the objects of the CFI Act:

 • to remove GHGs from the atmosphere and avoid emissions of GHGs, in 
order to meet Australia's international mitigation obligations;

 • to create incentives for people to undertake offsets projects; and
 • to increase carbon abatement in a manner that is consistent with the 

protection of the natural environment and improves resilience to the effects 
of climate change; and to authorise the purchase by the government of 
units that represent carbon abatement.

Box 4 How the ERAC interprets the Offset 
Integrity Standards
The ERAC seeks to interpret the integrity standards to ensure projects 
registered under the scheme are issued with credits only for emissions 
reduction or sequestration that is real, additional and able to be 
measured accurately. A method must be assessed as complying with 
all six standards to be approved (ERAC 2021).

Figure 4  Schematic illustrating the steps for implementing an agricultural soil carbon 
project in Australia’s ERF framework (Based on: http://www .cle anen ergy regulator .gov .au 
/ERF).

http://www.cleanenergyregulator.gov.au/ERF
http://www.cleanenergyregulator.gov.au/ERF
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1. Additionality: A method should result in carbon abatement that 
is unlikely to occur in the ordinary course of events (disregarding 
the effect of the Act).
 • At the method level, the general approach is to apply two tests 

for additionality:

 • Project test – Would the method activities occur without 
the incentive provided by the scheme?

 • Baseline test – What net emissions would be likely if the 
activities were not undertaken?

 • Three project-level additionality requirements set out in the 
Act must also be satisfied (Newness, regulatory additionality, 
and possible funding under another government program or 
grant).

2. Measurable and verifiable: Where a method results in 
emissions removal, reduction in emissions or emissions of 
greenhouse gases these should be measurable and capable of 
being verified.
 • The method must provide a rigorous and reliable way to 

measure or estimate and verify removals, emissions reductions 
and project emissions. Each method specifies how verification 
is achieved, e.g. by audits, models, satellite imagery. 
Interaction with other OIS, particularly ‘evidence-based’ and 
‘conservative’ is considered.

3. Eligible carbon abatement: A method should provide 
abatement that is able to be used to meet Australia’s international 
mitigation obligations.
 • Interpretation of this standard requires the abatement to 

be from sources and sinks that are accounted for to meet 
Australia’s mitigation targets under international commitments, 
notably the Paris Agreement.

4. Evidence-based: A method should be supported by clear and 
convincing evidence.
 • This standard is interpreted as requiring clear and convincing 

evidence on the impact of a method activity on emissions or 
sequestration, their measurement and verification, and for the 
approach to ensure no leakage.

5. Project emissions: Material greenhouse gas emissions directly 
resulting from a project should be deducted.
 • The project emissions standard requires methods to include 

appropriate deductions for all material project emissions, and 
their estimation to be consistent with the measurable and 
verifiable standard and evidence-based standard. Estimates 
of material project emissions (those that cumulatively exceed 
5% of net project abatement) also must result in estimated net 
abatement being conservative.

6. Conservative: Where a method involves an estimate, projection 
or assumption, it should be conservative.
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 • Estimates, projections and assumptions that influence the 
calculation of net abatement for eligible projects are required 
to be conservative, that is, unlikely to be an over-estimation. 
However, requiring every estimate, projection and assumption 
to have a high probability of being an under-estimate, would 
be highly conservative and would be a disincentive for uptake 
of projects.

 • In applying the conservative standard, the Committee also 
generally considers:

the potential for direct and indirect leakage to arise as a 
consequence of project activities;
the risk of non-permanence for sequestration projects and 
whether the permanence period discount is sufficiently 
conservative.

3.2  Performance of the Australian Emissions Reduction Fund 
(ERF) scheme

3.2.1  ERF status and soil carbon projects

The following section reflects publicly available data as at April 2021, noting 
that ERF project and ACCU issuance data should be interpreted in the context 
of the scheme and method procedures and are subject to updating by 
government.

As at April 2021, there were 966 projects registered under the CFI Act 
(2011) including initial CFI projects and ERF projects (CER 2021a). Contracts 
were in place to deliver 205 billion t CO2-e abatement with 92.7 million issued 
by the CER up to April 2021. Of the 966 registered projects, more than half (532) 
use vegetation and savannah ERF methods, that is, they relate to the LULUCF 
sector of the national greenhouse accounts. Of the remainder, 155 projects 
use agriculture methods, the majority for avoidance of emissions relating to 
livestock manure management and ruminant enteric fermentation. There has 
been a rapidly growing interest in project registrations to increase carbon 
sequestration in soil, with more than 80% of all agriculture sector projects using 
methods for soil carbon sequestration at April 2021.

Under the ERF, there are (as at mid-2021) two methods under which farmers 
can be issued with carbon credits for adopting new practices that increase soil 
carbon sequestration:

 1 A model-based soil carbon method (2015) for grazing land soils – land 
managers who adopt one of three eligible activities can earn carbon 
credits using regionally specified model-based default values that 
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give conservative estimates of sequestration. This method has had no 
uptake.

 2 A measurement method for soil carbon sequestration in agricultural 
systems (2018) developed to improve the 2014 measurement method. 
As at March 2021, there were approximately 130 projects registered 
under measurement methods.

The number of soil carbon ACCUs delivered up to mid-2021 is low – 
approximately 1900. This reflects the expected delay between a project start 
and first measurement and reporting of SOC stock change which, under the 
ERF method, is permitted to be up to five years. It may also be a function of 
the complexity of the method and expense of sampling and analysis. Early 
experience has led to discussions on modifications and additional incentives 
to reduce costs and improve usability, including forward payments for baseline 
soil carbon measurements. Nevertheless, registration of new projects has 
accelerated in 2020 and 2021 (Fig. 5), and stakeholder interest in participating 
in soil carbon sequestration projects is high. Development of a new method 
with reduced measurement costs and improved flexibility is a departmental 
priority for release in 2021.

Figure 5  New registrations of ERF soil carbon sequestration projects in agricultural 
systems. Data for 2018 to 2020 from CER (2021b); a – Quarter 1, 2021 estimated from 
registrations http://www .cle anen ergy regulator .gov .au /ERF; Accessed May 2021).

http://www.cleanenergyregulator.gov.au/ERF;
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3.2.3  Practical issues limiting uptake of sequestration projects

The experience gained through implementation of the Australian ERF policy 
as an incentive framework for abatement actions highlights some of the 
practical issues for SOC practice adoption by land managers. It demonstrated 
the challenges in balancing the costs and rigorous integrity and MRV accuracy 
under the scheme, and also farmers’ difficulty in understanding and applying 
technically complex methods and schemes without the help of specialist 
[sometimes costly] service providers. Several sequestration methods legislated 
in the ERF, including the modelled method for SOC, have had no uptake, with 
reasons including that they are not financially positive or that eligible activities 
are not compatible with managing a real-life farm enterprise as a profitable 
business. A review of uptake of ERF vegetation and soil sequestration projects 
by farmers (Macintosh et  al. 2019) identified eight barriers to uptake: low 
carbon prices; perceived risk of rule changes affecting participation and 
crediting; uncertainty about future carbon prices; difficulties in getting third-
party consents (land rights); permanence requirements; lack of awareness 
amongst farmers of carbon market opportunities; the scope of methods; and a 
lack of trust on behalf of farmers in parties offering carbon market information. 
Another key learning was that uptake could be improved if co-benefits to 
carbon sequestering activities were optimised and their value communicated 
to land managers.

The major constraints on participation in the ERF SOC model-based 
method (Australian Government 2015) reported by stakeholders concern the 
conservative nature of the default values and the method’s narrow eligibility 
requirements. These problems reflect the state of knowledge in SOC 
sequestration rates for practices adopted on agricultural lands at the time the 
method was developed, and the requirements for integrity under the policy, 
including being evidence-based and using conservative assumptions to ensure 
high-quality carbon credits. In contrast, the main constraint on uptake of the 
less conservative measurement method has been the high costs of sampling 
and analysis. Stakeholders also cited the limited eligible practices and 
discounts applied to maintain conservativeness in the revised measurement 
method legislated in 2018 (Australian Government 2018) as barriers. More 
recently, greater confidence and higher prices for carbon offsets have resulted 
in accelerated participation in ERF projects.

This acceleration in participation is likely to continue as emerging 
techniques, such as spectrometry, remote sensing and flux measurements 
and new hybrid approaches using modelling capacity verified by accessible 
datasets, enable more cost-effective MRV for SOC sequestration methods in 
policy frameworks (Smith et al. 2020). Increased flexibility in MRV and in the 
range of eligible practices are being evaluated for an updated ERF SOC method, 
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which is expected to be more attractive to stakeholders while maintaining the 
focus on integrity.

4  Conclusion and future trends in research
4.1  Opportunities and challenges to foster adoption of soil 

organic carbon practices

Lal et  al. (2003) proposed that, with the implementation of suitable policy 
initiatives, substantial SOC sequestration potential could be realised for up 
to 30 years, or when the soil C sink capacity is filled. This would provide a 
valuable near-term contribution to restricting global warming to no more than 
2ºC, as specified in the Paris Agreement and supporting the Global Agenda 
for Sustainable Development set out in the SDGs. The challenges for design of 
national or regional frameworks relate not only to understanding the technical 
and biophysical potential for SOC sequestration but also to understanding the 
nature of behavioural resistance to practices and incentives already available 
for adoption. There is an urgent need for frameworks that enable investment 
in soil carbon mitigation to be practical and effective for achieving climate 
change mitigation, food security and ecosystem health benefits (Alexander 
et al. 2015).

Investment in research on biophysical and technological aspects of soil 
carbon sequestration and its climate change mitigation potential over more 
than a decade has provided strong evidence as a basis for action. More 
recently, research has accelerated as countries increase their ambition under 
the Paris Agreement, and as awareness is raised through initiatives such as ‘4 
per 1000.’ To support action, studies are being undertaken into the impacts of 
increasing SOC storage on agricultural yields and productivity, but economic, 
social and cultural opportunities and barriers to uptake of positive practices 
have generally received less attention (Harrison et al. 2021). Consideration of 
all four areas – biophysical, technological, economic and socio-cultural – will 
be essential for successful implementation of policy frameworks fostering 
adoption of good practice for long-term SOC management.

Experience with soil carbon measurement methods in the Australian ERF 
policy has also highlighted the practical challenges of implementing outcome-
based soil carbon projects, including the barrier imposed by lack of early 
income from credits to cover participation expenses such as baseline sampling 
and analysis as part of a financial incentive model. Not unexpectedly, there is a 
tension between the timing of reporting for earlier financial returns and integrity 
of carbon credits issued. Early reporting (i.e. within 1–2 years) of [often small] 
changes in SOC stocks challenges the legislated requirement for verifiable 
and conservative crediting. Scientists caution that a rapid rise in measured 
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SOC stocks following implementation of new practices, especially for soil with 
initially low SOC, may reflect an increase in the labile carbon pool that improves 
soil health but may not be sustained over a 25-year or 100-year period. 
Sequestration rates are also affected by climatic and soil nutrient variations 
over time. The rate of increase in SOC stocks generally decreases as a new 
equilibrium level is approached. Managing the risk of over-crediting through 
provisions for discounted or delayed payments to ensure total crediting under 
an SOC method is conservative and is unlikely to align with farmers’ need to 
manage costs. Sampling and analysis for project reporting incur significant 
up-front cost and there may also be disappointment if crediting is lower than 
expected, due, for example, to climate factors such as drought.

There can also be a need to resolve knowledge gaps relating to policy 
design. For example, a policy requirement that estimates of sequestration 
are conservative is difficult until there is more scientific certainty about what a 
‘conservative’ estimate means for practices. Research and long-term trials will 
improve confidence in the expected relationship between practice change 
and soil carbon stocks in various climates and soil types (e.g. Schlesinger and 
Amundson 2019). The limited period of operation of incentivisation frameworks, 
including the Australian ERF, highlights the need for more experience to better 
understand and overcome tensions that act to constrain adoption of SOC 
sequestering practices on the ground.

4.2  Future study in soil carbon research

Soil carbon research will continue to build the underpinning evidence base 
for investment in frameworks and promote sequestration for climate change 
mitigation and soil health. As experience better identifies knowledge and data 
gaps, research is evolving to meet biophysical process and data needs for 
recognition of high-quality soil carbon offsets in market mechanisms. At the 
same time, multi-dimensional collaborations are contributing to overcoming 
socio-economic and cultural barriers to adoption by land managers. Here we 
provide illustrative examples, specific to the needs for developing frameworks 
for fostering adoption of good practice. More detail on biophysical research 
questions is found in a number of review papers, including Chenu et al. (2019), 
Paustian et al. (2019) and Smith et al. (2020), and socio-economic and cultural 
issues are identified in Burton and Schwarz (2013) and COWI (2021).

SOC stabilisation: From a policy framework perspective, key questions relate 
to the processes of stabilisation of carbon in soils. This understanding is 
needed to foster those practices that are consistent with the long-term 
SOC sequestration essential for genuine removals to offset emissions of 
GHGs. The role of processes in aggregate stabilization must be elucidated 
to identify effective sequestration practices for storing carbon in soil. 
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Research on stabilising soil aggregates will help the understanding of 
how to increase the pool of protected carbon that is relatively inaccessible 
to microbes and hydrolysing enzymes, and yet allows sufficient 
biogeochemical cycling for production (Cotrufo et  al. 2013, Wilpiszeski 
et  al. 2019). Next, advances in soil carbon modelling are needed to 
incorporate practices such as soil microbiome-aggregate processes 
affecting the stocks and dynamics of organic carbon.

Co-benefits and trade-offs: A transdisciplinary research effort is needed to 
understand the links between SOC sequestration, ecosystem services, 
and agricultural productivity and food security, to avoid trade-offs and 
optimise co-benefits of SOC sequestration. For example, selecting crops 
on their partitioning of biomass between aboveground and belowground 
carbon is a strategy that may increase soil carbon storage. Perennial crops 
such as perennial rice and intermediate wheat grass, (Cox et  al. 2006), 
which invest more carbon into the roots, are likely to sequester more 
carbon than annual crops. However, research shows this practice may also 
lead to low grain productivity. Therefore, they may not prove economical 
to grow and the practice would not be feasible for adoption by farmers.

MRV: Another priority for research investment is improved capacity for 
rigorous but practical measurement, modelling and verification systems 
for SOC stock change. The target areas for investment include:
• Commitment to maintain and monitor short- and long-term field trials to 

quantify SOC sequestration across scales and management practices;
• More harmonious integration and quality control of data sources; and
• Advances in modelling capability linked to strategic measurement of 

validation sites and high-resolution remote sensing (Angelopoulou 
et  al. 2019) and accurate spatial data for model initialisation and 
validation for diverse land use and management options (Rumpel et al. 
2020).

Multi-disciplinary aspects: To clarify and define SOC sequestering practices 
for agriculture and forestry, including agroforestry and conservation 
forestry, research targeting sociological and economic considerations is 
needed. This research is of specific importance in assistance-deserving 
communities but is generally relevant to the design of all frameworks 
intended to influence landholders’ long-term management decisions for 
adoption of practices to increase SOC (Sykes et al. 2020). The potential for 
private and public co-benefits and trade-offs of such decisions are not well 
understood (Brady et al. 2019) across the diverse range of management 
systems, landscapes and climates. The lack of confidence in environmental, 
economic and social impacts is a major deterrent to participation 
by farmers in outcome-based frameworks to foster uptake of better 
practice. Multidisciplinary collaboration based on cooperative research to 
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understand realistic expectations (Rumpel et al. 2020) is needed to achieve 
improvements (e.g. Vermeulen et al. 2019).

4.3  Lessons learned on the role of government as the catalyst 
for action

Reflecting on ten years of experience with Australian policy and outcomes of a 
national framework to promote emissions abatement and carbon sequestration, 
it is clear that there is a consistent dynamic at play between ‘government action 
and control’ and ‘industry action and initiative.’ The notion that, at least in many 
nations, government can only ever be a ‘catalyst’ for industry initiative and action 
is evidenced in distinct ways in the Australian case study. Method development, 
a key element of the framework, was initially open to all in order to stimulate 
industry engagement. Later, method development moved more ‘in-house’ 
to the government, to reduce the duplication and work associated with the 
numerous industry-initiated methods being proposed. More recently, modular 
methods are being developed which set the overall framework and integrity 
structures but allow industry and/or others from within the science community 
to proposed ‘models’ as sub-components of methods. The umbrella method, 
however, sets the validation standard and process for such sub-models. There 
has been a consistent effort at consultation and review from the potential ‘user 
community’ (www.cleanenergyregulator.gov.au).

In parallel with these dynamics of method development, the Australia 
experience provides some insights into the evolution in the carbon offsets 
marketplace. Pre-2010, the markets were small and limited to voluntary 
schemes being offered to individuals and businesses. The advent of the CFI 
and later ERF policies introduced a government-funded marketplace that 
has invested more than A$575 million since 2014, with another A$1.4 billion 
committed by government, in the purchase of ACCUs that are eligible to be 
counted in the national greenhouse inventory accounts (CER 2021a). More 
recently, the private sector marketplace has been strengthening, which is 
something the government scheme seeks to encourage. For example, owners 
of ACCUs contracted to the government scheme under an ‘optional’ contract 
can choose to sell them onto the private marketplace rather than deliver them 
to the government at a fixed contracted price. Increasingly, there is a discussion 
of the development of a ‘Carbon Exchange’ that can facilitate public and private 
buying and selling of carbon offsets (www .cle anen ergy regulator .gov .au/ 28 
April 2021).

Irrespective of all these developments in methods and markets, our 
overarching conclusion is that a focus on the integrity of the carbon offsets 
must remain central at all stages of any policy framework if it is to continue to 
meet its objectives.

http://www.cleanenergyregulator.gov.au
http://www.cleanenergyregulator.gov.au/
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5  Where to look for further information
Recent publications provide informative overviews of the practical potential for 
SOC sequestration (Rumpel et al.), the challenges and outlook for accurately 
quantifying SOC change (Smith et al.) and the status and gaps in research 
(Chenu et al.), while websites discuss incentive mechanisms and illustrate a 
national policy framework to foster SOC sequestration.

 5.1 Key publications

 • Chenu, C., Angers, D. A., Barré, P., Derrien, D., Arrouays, D. and Balesdent, 
J. (2019). Increasing organic stocks in agricultural soils: Knowledge gaps 
and potential innovations. Soil and Tillage Research 188, 41–52.

 • Rumpel, C., Amiraslani, F., Chenu, C., Cardenas, M. G., Kaonga, M., 
Koutika, L. S., Ladha, J., Madari, B., Shirato, Y., Smith, P. and Soudi, B. 
(2020). The 4p1000 initiative: Opportunities, limitations and challenges 
for implementing soil organic carbon sequestration as a sustainable 
development strategy. Ambio 49(1), 350–360.

 • Smith, P., Soussana, J. F., Angers, D., Schipper, L., Chenu, C., Rasse, D. P., 
Batjes, N. H., Van Egmond, F., McNeill, S., Kuhnert, M. and Arias-Navarro, 
C. (2020). How to measure, report and verify soil carbon change to realize 
the potential of soil carbon sequestration for atmospheric greenhouse gas 
removal. Global Change Biology 26(1), 219–241.

 5.2 Web resources

 • Costa Jr, C., Dittmer, K., Shelton, S., Bossio, D., Zinyengere, N., Luu, P., 
Heinz, S., Egenolf, K., Rowland, B., Zuluaga, A., Klemme, J., Mealey, T., 
Smith, M. and Wollenberg, E. (2020). How Soil Carbon Accounting Can 
Improve to Support Investment-Oriented Actions Promoting Soil Carbon 
Storage. CCAFS Info Note. Wageningen, The Netherlands: CGIAR 
Research Program on Climate Change, Agriculture and Food Security 
(CCAFS). Available at: https://ccafs .cgiar .org /resources /publications /how 
-soil -carbon -accounting -can -improve -support -investment -oriented.

 • The Australian Emissions Reduction Fund – How it works. http://www .cle 
anen ergy regulator .gov .au /ERF /About -the -Emissions -Reduction -Fund /
emissions -reduction -fund -schematic.

 • The Australian ERF Measurement of soil carbon sequestration in 
agricultural systems method. http://www .cle anen ergy regulator .gov .au 
/ERF /Pages /Choosing %20a %20project %20type /Opportunities %20for 
%20the %20land %20sector /Agricultural %20methods /The -measurement 
-of -soil -carbon -sequestration -in -agricultural -systems -method .aspx.

https://ccafs.cgiar.org/resources/publications/how-soil-carbon-accounting-can-improve-support-investment-oriented
https://ccafs.cgiar.org/resources/publications/how-soil-carbon-accounting-can-improve-support-investment-oriented
http://www.cleanenergyregulator.gov.au/ERF/About-the-Emissions-Reduction-Fund/emissions-reduction-fund-schematic
http://www.cleanenergyregulator.gov.au/ERF/About-the-Emissions-Reduction-Fund/emissions-reduction-fund-schematic
http://www.cleanenergyregulator.gov.au/ERF/About-the-Emissions-Reduction-Fund/emissions-reduction-fund-schematic
http://www.cleanenergyregulator.gov.au/ERF/Pages/Choosing%20a%20project%20type/Opportunities%20for%20the%20land%20sector/Agricultural%20methods/The-measurement-of-soil-carbon-sequestration-in-agricultural-systems-method.aspx
http://www.cleanenergyregulator.gov.au/ERF/Pages/Choosing%20a%20project%20type/Opportunities%20for%20the%20land%20sector/Agricultural%20methods/The-measurement-of-soil-carbon-sequestration-in-agricultural-systems-method.aspx
http://www.cleanenergyregulator.gov.au/ERF/Pages/Choosing%20a%20project%20type/Opportunities%20for%20the%20land%20sector/Agricultural%20methods/The-measurement-of-soil-carbon-sequestration-in-agricultural-systems-method.aspx
http://www.cleanenergyregulator.gov.au/ERF/Pages/Choosing%20a%20project%20type/Opportunities%20for%20the%20land%20sector/Agricultural%20methods/The-measurement-of-soil-carbon-sequestration-in-agricultural-systems-method.aspx


Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 33

6 References
Alcock, D. J., Harrison, M. T., Rawnsley, R. P. and Eckard, R. J. (2015). Can animal genetics 

and flock management be used to reduce greenhouse gas emissions but also 
maintain productivity of wool-producing enterprises? Agricultural Systems 132,  
25–34.

Alexander, P., Paustian, K., Smith, P. and Moran, D. (2015). The economics of soil C 
sequestration and agricultural emissions abatement. SOIL 1(1), 331–339.

Allen, D. E., Pringle, M. J., Bray, S., Hall, T. J., O’Reagain, P. O., Phelps, D., Cobon, D. H., 
Bloesch, P. M. and Dalal, R. C. (2013). What determines soil organic carbon stocks in 
the grazing lands of north-eastern Australia? Soil Research 51(8), 695–706.

Amundson, R. and Biardeau, L. (2018). Opinion: Soil carbon sequestration is an elusive 
climate mitigation tool. Proceedings of the National Academy of Sciences of the 
United States of America 115(46), 11652–11656.

Amundson, R., Berhe, A. A., Hopmans, J. W., Olson, C., Sztein, A. E. and Sparks, D. L. 
(2015). Soil science: Soil and human security in the 21st century. Science 348(6235), 
1261071.

Angelopoulou, T., Tziolas, N., Balafoutis, A., Zalidis, G. and Bochtis, D. (2019). Remote 
sensing techniques for soil organic carbon estimation: A review. Remote Sensing 
11(6), 676.

Arrouays, D., McBratney, A. B., Minasny, B., Hempel, J. W., Heuvelink, G. B. M., MacMillan, 
R. A., Hartemink, A. E., Lagacherie, P. and McKenzie, N. J. (2014). The GlobalSoilMap 
project specifications. GlobalSoilMap: Basis of the Global Spatial Soil Information 
System. CRC Press, Taylor and Francis Group, London, 494.

Australian Government (2015). Carbon credits (carbon farming initiative—estimating 
sequestration of carbon in soil using default values) methodology determination 
2015. Available at: https://www .legislation .gov .au /Details /F2018C00126 [Accessed 
6 December 2021].

Australian Government (2018). Carbon credits (carbon farming initiative—measurement 
of soil carbon sequestration in agricultural systems) methodology determination 
2018. Available at: https://www .legislation .gov .au /Details /F2018L00089 [Accessed 
6 December 2021].

Badgery, W., Murphy, B., Cowie, A., Orgill, S., Rawson, A., Simmons, A. and Crean, 
J. (2020). Soil carbon market-based instrument pilot–the sequestration of soil 
organic carbon for the purpose of obtaining carbon credits. Soil Research 59(1),  
12–23.

Baldock, J. and Burgess, R. (2017). Soil Carbon Accounting–the Australian example. 
In: Workshop on “Soil Organic Carbon Measurement for Management and 
Management for Measurement”. Available at: https://jahnresearchgroup .cals 
.wisc .edu /wp -content /uploads /sites /200 /2017 /08 /3. -Soil -carbon -accounting -in 
-Australia -1 .pdf [Accessed March 2021].

Balkcom, K. S., Arriaga, F. J. and Van Santen, E. (2013). Conservation systems to enhance 
soil carbon sequestration in the Southeast US Coastal Plain. Soil Science Society of 
America Journal 77(5), 1774–1783.

Bamière, L., Jayet, P. A., Kahindo, S. and Martin, E. (2021). Carbon sequestration in French 
agricultural soils: A spatial economic evaluation. Agricultural Economics 52(2), 
301–316.

http://dx.doi.org/https://www.legislation.gov.au/Details/F2018C00126
http://dx.doi.org/https://www.legislation.gov.au/Details/F2018L00089
http://dx.doi.org/https://jahnresearchgroup.cals.wisc.edu/wp-content/uploads/sites/200/2017/08/3.-Soil-carbon-accounting-in-Australia-1.pdf
http://dx.doi.org/https://jahnresearchgroup.cals.wisc.edu/wp-content/uploads/sites/200/2017/08/3.-Soil-carbon-accounting-in-Australia-1.pdf
http://dx.doi.org/https://jahnresearchgroup.cals.wisc.edu/wp-content/uploads/sites/200/2017/08/3.-Soil-carbon-accounting-in-Australia-1.pdf


 Creating frameworks to foster soil carbon sequestration34

Published by Burleigh Dodds Science Publishing Limited, 2023.

Bangsund, D. A. and Leistritz, F. L. (2008). Review of literature on economics and policy of 
carbon sequestration in agricultural soils. Management of Environmental Quality: An 
International Journal 19(1), 85–99. https://doi .org /10 .1108 /14777830810840381.

Barnwell, T. O., Jackson, R. B., Elliott, E. T., Burke, I. C., Cole, C. V., Paustian, K., Paul, E. A., 
Donigian, A. S., Patwardhan, A. S., Rowell, A. and Weinrich, K. (1992). An approach to 
assessment of management impacts on agricultural soil carbon. Water, Air, and Soil 
Pollution 64(1–2), 423–435.

Batjes, N. H. (2014). Total carbon and nitrogen in the soils of the world. European Journal 
of Soil Science 65(1), 10–21.

Baumber, A., Metternicht, G., Cross, R., Ruoso, L. E., Cowie, A. L. and Waters, C. (2019). 
Promoting co-benefits of carbon farming in Oceania: Applying and adapting 
approaches and metrics from existing market-based schemes. Ecosystem Services 
39, 100982.

Bishop, R. C. and Welsh, M. P. (1992). Existence values in benefit–cost analysis and damage 
assessment. Land Economics 68(4), 405–417.

Börner, J., Baylis, K., Corbera, E., Ezzine-de-Blas, D., Honey-Rosés, J., Persson, U. M. and 
Wunder, S. (2017). The effectiveness of payments for environmental services. World 
Development 96, 359–374.

Bossio, D. A., Cook-Patton, S. C., Ellis, P. W., Fargione, J., Sanderman, J., Smith, P., Wood, S., 
Zomer, R. J., von Unger, M., Emmer, I. M. and Griscom, B. W. (2020). The role of soil 
carbon in natural climate solutions. Nature Sustainability 3(5), 391–398.

Bourdieu, P. (1986). The forms of capital. In: Richardson, J. (Ed.), Handbook of Theory of 
Research for the Sociology of Education. Greenwood, New York, 241–258.

Brady, M. V., Hristov, J., Wilhelmsson, F. and Hedlund, K. (2019). Evaluating farmers’ 
provisioning of soil ecosystem services to inform agri-environmental policy. 
Brussels, Belgium 289822. European Association of Agricultural Economists, 172nd 
EAAE Seminar, May 28–29, 2019.

Broekhoff, D., Gillenwater, M., Colbert-Sangreeb, T. and Cage, P. (2019). Securing 
Climate Benefit: A Guide to Using Carbon Offsets. Offsetguide .org /pdf -downlo ad/. 
Stockholm Environment Institute & Greenhouse Gas Management Institute.

Burton, R. J. F. and Schwarz, G. (2013). Result-oriented agri-environmental schemes in 
Europe and their potential for promoting behavioural change. Land Use Policy 30(1), 
628–641.

Causarano, H. J., Franzluebbers, A. J., Reeves, D. W. and Shaw, J. N. (2006). Soil organic 
carbon sequestration in cotton production systems of the southeastern United 
States: A review. Journal of Environmental Quality 35(4), 1374–1383.

CER (2021a). Clean energy regulator. Emissions Position as [Accessed at April 2021]. 
Available at: http://www .cle anen ergy regulator .gov .au /Infohub /Media -Centre /Pages 
/Resources /ERF %20media %20resources /Emissions -Position -as -at -April -2021 .aspx 
[Accessed 30 May 2021].

CER (2021b). Clean energy regulator. Quarterly Carbon Market Report. Quarter 4, 2020. 
Available at: http://www .cle anen ergy regulator .gov .au /csf /market -information /Pages 
/quarterly -Market -report .aspx [Accessed 30 March 2021].

Chan, K. Y., Conyers, M. K., Li, G. D., Helyar, K. R., Poile, G., Oates, A. and Barchia, I. M. 
(2011). Soil carbon dynamics under different cropping and pasture management 
in temperate Australia: Results of three long-term experiments. Soil Research 49(4), 
320–328.

http://dx.doi.org/https://doi.org/10.1108/14777830810840381
http://www.Offsetguide.org/pdf-download/.
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/Infohub/Media-Centre/Pages/Resources/ERF%20media%20resources/Emissions-Position-as-at-April-2021.aspx
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/Infohub/Media-Centre/Pages/Resources/ERF%20media%20resources/Emissions-Position-as-at-April-2021.aspx
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/csf/market-information/Pages/quarterly-Market-report.aspx
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/csf/market-information/Pages/quarterly-Market-report.aspx


Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 35

Chang, J., Ciais, P., Gasser, T., Smith, P., Herrero, M., Havlík, P., Obersteiner, M., Guenet, 
B., Goll, D. S., Li, W., Naipal, V., Peng, S., Qiu, C., Tian, H., Viovy, N., Yue, C. and Zhu, 
D. (2021). Climate warming from managed grasslands cancels the cooling effect 
of carbon sinks in sparsely grazed and natural grasslands. Nature Communications 
12(1), 118.

Chang-Fung-Martel, J., Harrison, M. T., Rawnsley, R., Smith, A. P. and Meinke, H. (2017). 
The impact of extreme climatic events on pasture-based dairy systems: A review. 
Crop and Pasture Science 68(12), 1158–1169.

Chenu, C., Angers, D. A., Barré, P., Derrien, D., Arrouays, D. and Balesdent, J. (2019). 
Increasing organic stocks in agricultural soils: Knowledge gaps and potential 
innovations. Soil and Tillage Research 188, 41–52.

Claassen, R., Cattaneo, A. and Johansson, R. (2008). Cost-effective design of agri-
environmental payment programs: US experience in theory and practice. Ecological 
Economics 65(4), 737–752.

Commonwealth of Australia (2020). Report of the Expert Panel examining additional 
sources of low cost abatement. Department of Industry, Science, Energy and 
Resources. Available at: https://www .industry .gov .au /sites /default /files /2020 -05 
/expert -panel -report -examining -additional -sources -of -low -cost -abatement .pdf 
[Accessed May 2021].

Conant, R. T., Paustian, K. and Elliott, E. T. (2001). Grassland management and conversion 
into grassland: Effects on soil carbon. Ecological Applications 11(2), 343–355.

Costa Jr., C., Dittmer, K., Shelton, S., Bossio, D., Zinyengere, N., Luu, P., Heinz, S., Egenolf, K., 
Rowland, B., Zuluaga, A., Klemme, J., Mealey, T., Smith, M. and Wollenberg, E. (2020). 
How soil carbon accounting can improve to support investment-oriented actions 
promoting soil carbon storage. CCAFS Info Note. CGIAR Research Program on Climate 
Change, Agriculture and Food Security (CCAFS), Wageningen, The Netherlands.

Cotrufo, M. F., Wallenstein, M. D., Boot, C. M., Denef, K. and Paul, E. (2013). The 
Microbial Efficiency Matrix Stabilization (MEMS) framework integrates plant litter 
decomposition with soil organic matter stabilization: Do labile plant inputs form 
stable soil organic matter? Global Change Biology 19(4), 988–995.

COWI, Ecologic Institute and IEEP (2021). Technical Guidance Handbook - Setting up 
and Implementing Result-Based Carbon Farming Mechanisms in the EU Report to 
the European Commission, DG Climate Action, under Contract No. CLIMA/C.3/
ETU/2018/007. COWI, Kongens Lyngby.

Cox, T. S., Glover, J. D., Van Tassel, D. L., Cox, C. M. and DeHaan, L. R. (2006). Prospects for 
developing perennial grain crops. BioScience 56(8), 649–659.

Dalal, R. C., Thornton, C. M., Allen, D. E. and Kopittke, P. M. (2021a). A study over 33 years 
shows that carbon and nitrogen stocks in a subtropical soil are increasing under 
native vegetation in a changing climate. Science of the Total Environment 772, 
145019.

Dalal, R. C., Thornton, C. M., Allen, D. E., Owens, J. S. and Kopittke, P. M. (2021b). Long-
term land use change in Australia from native forest decreases all fractions of soil 
organic carbon, including resistant organic carbon, for cropping but not sown 
pasture. Agriculture, Ecosystems and Environment 311, 107326.

de Gruijter, J. J., McBratney, A. B., Minasny, B., Wheeler, I., Malone, B. P. and Stockmann, 
U. (2018). Farm-scale soil carbon auditing. In: McBratney, A., Minasny, B. and 
Stockmann, U. (Eds) Pedometrics. Progress in Soil Science. Springer, Cham, 693–720. 
https://doi .org /10 .1007 /978 -3 -319 -63439 -5 _23.

http://dx.doi.org/https://www.industry.gov.au/sites/default/files/2020-05/expert-panel-report-examining-additional-sources-of-low-cost-abatement.pdf
http://dx.doi.org/https://www.industry.gov.au/sites/default/files/2020-05/expert-panel-report-examining-additional-sources-of-low-cost-abatement.pdf
http://dx.doi.org/https://doi.org/10.1007/978-3-319-63439-5_23


 Creating frameworks to foster soil carbon sequestration36

Published by Burleigh Dodds Science Publishing Limited, 2023.

DES (2020). Land restoration fund: Priority investment plan. Department of Environment 
and Science Government. Available at: https://www .qld .gov .au/_ _data /assets /pdf 
_file /0024 /116547 /lrf -priority -investment -plan .pdf [Accessed May 2021].

Dooley, K., Christoff, P. and Nicholas, K. A. (2018). Co-producing climate policy and 
negative emissions: Trade-offs for sustainable land-use. Global Sustainability 1, 1–10.

ERAC (2021). Emissions Reduction Assurance Committee Information Paper: Committee 
considerations for interpreting the Emissions Reduction Fund’s offsets integrity 
standards Version 2.0 [Accessed March 2021]. Available at: http://www .cle anen 
ergy regulator .gov .au /DocumentAssets /Documents /Information %20Paper %20on 
%20the %20Offsets %20Integrity %20Standards .pdf [Accessed May 2021].

FAO (2019). Measuring and Modelling Soil Carbon Stocks and Stock Changes in 
Livestock Production Systems: Guidelines for Assessment (1st version). Livestock 
Environmental Assessment and Performance (LEAP) Partnership. Food and 
Agriculture Organization, Rome. 170 pp. Licence: CC BY-NC-SA 3.0 IGO.

Flores-Rios, A., Thomas, E., Peri, P. P., Amelung, W., Duarte-Guardia, S., Borchard, N., 
Lizárraga-Travaglini, A., Vélez-Azañero, A., Sheil, D., Tscharntke, T., Steffan-Dewenter, 
I. and Ladd, B. (2020). Co-benefits of soil carbon protection for invertebrate 
conservation. Biological Conservation 252, 108859.

Follett, R. F., Vogel, K. P., Varvel, G. E., Mitchell, R. B. and Kimble, J. (2012). Soil carbon 
sequestration by switchgrass and no-till maize grown for bioenergy. Bioenergy 
Research 5(4), 866–875.

Franzluebbers, A. J. (2005). Soil organic carbon sequestration and agricultural greenhouse 
gas emissions in the southeastern USA. Soil and Tillage Research 83(1), 120–147.

Franzluebbers, A. J. and Stuedemann, J. A. (2009). Soil-profile organic carbon and total 
nitrogen during 12 years of pasture management in the Southern Piedmont USA. 
Agriculture, Ecosystems and Environment 129(1–3), 28–36.

Fuss, S., Lamb, W. F., Callaghan, M. W., Hilaire, J., Creutzig, F., Amann, T., Beringer, T., de 
Oliveira Garcia, W., Hartmann, J., Khanna, T., Luderer, G., Nemet, G. F., Rogelj, J., 
Smith, P., Vicente, J. L. V., Wilcox, J., del Mar Zamora Dominguez, M. and Minx, J. C. 
(2018). Negative emissions—Part 2: Costs, potentials and side effects. Environmental 
Research Letters 13(6), 063002.

Gerrard, E. (2008). Impacts and opportunities of climate change: Indigenous participation 
in environmental markets. Land, Rights, Laws: Issues of Native Title 3(13), 1–14.

Gil, J. D. B., Garrett, R. D., Rotz, A., Daioglou, V., Valentim, J., Pires, G. F., Costa, M. H., 
Lopes, L. and Reis, J. C. (2018). Tradeoffs in the quest for climate smart agricultural 
intensification in Mato Grosso, Brazil. Environmental Research Letters 13(6), 064025.

Goddard, T. (2008). The Alberta carbon offset system. Proceedings of the Agronomy 
Update 16, 90–93.

Gold Standard (2020). Soil Organic Carbon Methodologies. Available at: https://
globalgoals .goldstandard .org /400 -sdg -impact -quantification/ [Accessed June 
2021].

Govaerts, B., Verhulst, N., Castellanos-Navarrete, A., Sayre, K. D., Dixon, J. and Dendooven, 
L. (2009). Conservation agriculture and soil carbon sequestration: Between myth 
and farmer reality. Critical Reviews in Plant Sciences 28(3), 97–122.

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., Schlesinger, 
W. H., Shoch, D., Siikamäki, J. V., Smith, P., Woodbury, P., Zganjar, C., Blackman, A., 
Campari, J., Conant, R. T., Delgado, C., Elias, P., Gopalakrishna, T., Hamsik, M. R., 
Herrero, M., Kiesecker, J., Landis, E., Laestadius, L., Leavitt, S. M., Minnemeyer, S., 

http://dx.doi.org/https://www.qld.gov.au/__data/assets/pdf_file/0024/116547/lrf-priority-investment-plan.pdf
http://dx.doi.org/https://www.qld.gov.au/__data/assets/pdf_file/0024/116547/lrf-priority-investment-plan.pdf
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/DocumentAssets/Documents/Information%20Paper%20on%20the%20Offsets%20Integrity%20Standards.pdf
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/DocumentAssets/Documents/Information%20Paper%20on%20the%20Offsets%20Integrity%20Standards.pdf
http://dx.doi.org/http://www.cleanenergyregulator.gov.au/DocumentAssets/Documents/Information%20Paper%20on%20the%20Offsets%20Integrity%20Standards.pdf
http://dx.doi.org/https://globalgoals.goldstandard.org/400-sdg-impact-quantification/
http://dx.doi.org/https://globalgoals.goldstandard.org/400-sdg-impact-quantification/


Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 37

Polasky, S., Potapov, P., Putz, F. E., Sanderman, J., Silvius, M., Wollenberg, E. and 
Fargione, J. (2017). Natural climate solutions. Proceedings of the National Academy 
of Sciences of the United States of America 114(44), 11645–11650.

Guo, L. B. and Gifford, R. M. (2002). Soil carbon stocks and land use change: A meta 
analysis. Global Change Biology 8(4), 345–360.

Harrison, M. T., Cullen, B. R., Mayberry, D. E., Cowie, A. L., Bilotto, F., Badgery, W. B., Liu, 
K., Davison, T., Christie, K. M., Muleke, A. and Eckard, R. J. (2021). Carbon myopia: 
The urgent need for integrated social, economic and environmental action in the 
livestock sector. Global Change Biology 27(22), 5726–5761. Available: matthew 
.harrison @utas .edu  .au.

Harrison, M. T., Evans, J. R. and Moore, A. D. (2012a). Using a mathematical framework 
to examine physiological changes in winter wheat after livestock grazing: 1. Field 
Crops Research 136, 116–126.

Harrison, M. T., Evans, J. R. and Moore, A. D. (2012b). Using a mathematical framework 
to examine physiological changes in winter wheat after livestock grazing: 2. Field 
Crops Research 136, 127–137.

Heckbert, S., Davies, J., Cook, G., McIvor, J., Bastin, G. and Liedloff, A. (2008). Land 
Management for Emissions Offsets on Indigenous Lands. CSIRO Ecosystem Sciences, 
Townsville, 62 pp.

Henry, B., Murphy, B. and Cowie, A. (2018). Sustainable land management for environmental 
benefits and food security. A Synthesis Report for the GEF. Washington, DC.

Ho, C. K. M., Jackson, T., Harrison, M. T. and Eckard, R. J. (2014). Increasing ewe genetic 
fecundity improves whole-farm production and reduces greenhouse gas emissions 
intensities: 2. Economic performance. Animal Production Science 54(9), 1248–1253.

IPCC (2019). In: Shukla, P. R., Skea, J., Calvo Buendia, E., Masson-Delmotte, V., Pörtner, 
H.-O., Roberts, D. C., Zhai, P., Slade, R., Connors, S., van Diemen, R., Ferrat, M., 
Haugheym, E., Luz, S., Neogi, S., Pathak, M., Petzold, J., Portugal Pereira, J., Vyas, 
P., Huntley, E., Kissick, K., Belkacemi, M. and Malley, J. (Eds) Climate change and 
land: An IPCC special report on climate change, desertification, land degradation, 
sustainable land management, food security, and greenhouse gas fluxes in terrestrial 
ecosystems. Intergovernmental Panel on Climate Change, 1–41.

Jackson Hammond, A. A., Motew, M., Brummitt III, C. D., DuBuisson, M. L., Pinjuv, G., 
Harburg, D. V., Campbell, E. E. and Kumar, A. A. (2021). Implementing the soil 
enrichment protocol at scale: Opportunities for an agricultural carbon market. 
Frontiers in Climate 3, 64–71.

Jenkinson, D. S. (1990). The turnover of organic carbon and nitrogen in soil. Philosophical 
Transactions of the Royal Society of London. Series B: Biological Sciences 329(1255), 
361–368.

Johnson, J. M. F., Reicosky, D. C., Allmaras, R. R., Sauer, T. J., Venterea, R. T. and Dell, C. J. 
(2005). Greenhouse gas contributions and mitigation potential of agriculture in the 
central USA. Soil and Tillage Research 83(1), 73–94.

Johnston, A. E., Poulton, P. R. and Coleman, K. (2009). Soil organic matter: Its importance 
in sustainable agriculture and carbon dioxide fluxes. Advances in Agronomy 101, 
1–57.

Keating, B. A. and Thorburn, P. J. (2018). Modelling crops and cropping systems—evolving 
purpose, practice and prospects. European Journal of Agronomy 100, 163–176.

Keesstra, S. D., Bouma, J., Wallinga, J., Tittonell, P., Smith, P., Cerdà, A., Montanarella, L., 
Quinton, J. N., Pachepsky, Y., van der Putten, W. H., Bardgett, R. D., Moolenaar, S., 

http://www.matthew.harrison@utas.edu.au.
http://www.matthew.harrison@utas.edu.au.


 Creating frameworks to foster soil carbon sequestration38

Published by Burleigh Dodds Science Publishing Limited, 2023.

Mol, G., Jansen, B. and Fresco, L. O. (2016). The significance of soils and soil science 
towards realization of the United Nations Sustainable Development Goals. SOIL 
2(2), 111–128.

Keesstra, S., Nunes, J., Novara, A., Finger, D., Avelar, D., Kalantari, Z. and Cerdà, A. (2018). 
The superior effect of nature based solutions in land management for enhancing 
ecosystem services. Science of the Total Environment 610–611, 997–1009.

Kong, A. Y. Y., Fonte, S. J., van Kessel, C. and Six, J. (2009). Transitioning from standard to 
minimum tillage: Trade-offs between soil organic matter stabilization, nitrous oxide 
emissions, and N availability in irrigated cropping systems. Soil and Tillage Research 
104(2), 256–262.

Kragt, M. E., Gibson, F. L., Maseyk, F. and Wilson, K. A. (2016). Public willingness to pay for 
carbon farming and its co-benefits. Ecological Economics 126, 125–131.

Kragt, M. E., Pannell, D. J., Robertson, M. J. and Thamo, T. (2012). Assessing costs of soil 
carbon sequestration by crop-livestock farmers in Western Australia. Agricultural 
Systems 112, 27–37.

Lal, R. (2004). Soil carbon sequestration impacts on global climate change and food 
security. Science 304(5677), 1623–1627.

Lal, R. (2015a). A system approach to conservation agriculture. Journal of Soil and Water 
Conservation 70(4), 82A–88A.

Lal, R. (2015b). Cover cropping and the “4 per Thousand” proposal. Journal of Soil and 
Water Conservation 70(6), 141A–141A.

Lal, R. (2015c). Sequestering carbon and increasing productivity by conservation 
agriculture. Journal of Soil and Water Conservation 70(3), 55A–62A.

Lal, R., Follett, R. F. and Kimble, J. M. (2003). Achieving soil carbon sequestration in the 
United States: A challenge to the policy makers. Soil Science 168(12), 827–845.

Lal, R., Negassa, W. and Lorenz, K. (2015). Carbon sequestration in soil. Current Opinion 
in Environmental Sustainability 15, 79–86.

Latacz-Lohmann, U. and Schilizzi, S. (2007). Quantifying the benefits of conservation 
auctions. EuroChoices 6(3), 32–39.

Liebig, M. A., Schmer, M. R., Vogel, K. P. and Mitchell, R. B. (2008). Soil carbon storage by 
switchgrass grown for bioenergy. Bioenergy Research 1(3–4), 215–222.

Macintosh, A., Roberts, G. and Buchan, S. (2019). Improving carbon markets to increase 
farmer participation. AgriFutures Australia Publication No. 19-026. Commonwealth 
of Australia. [Accessed July 2019]. Available at: www .agrifutures .com .au [Accessed 
March 2020].

Martens, D. A., Emmerich, W., McLain, J. E. and Johnsen, T. N. (2005). Atmospheric carbon 
mitigation potential of agricultural management in the southwestern USA. Soil and 
Tillage Research 83(1), 95–119.

Matzdorf, B. and Lorenz, J. (2010). How cost-effective are result-oriented agri-
environmental measures? An empirical analysis in Germany. Land Use Policy 27(2), 
535–544.

Minasny, B., Malone, B. P., McBratney, A. B., Angers, D. A., Arrouays, D., Chambers, A., 
Chaplot, V., Chen, Z. S., Cheng, K., Das, B. S., Field, D. J., Gimona, A., Hedley, C. 
B., Hong, S. Y., Mandal, B., Marchant, B. P., Martin, M., McConkey, B. G., Mulder, V. 
L., O’Rourke, S., Richer-de-Forges, A. C., Odeh, I., Padarian, J., Paustian, K., Pan, G., 
Poggio, L., Savin, I., Stolbovoy, V., Stockmann, U., Sulaeman, Y., Tsui, C., Vågen, T., van 
Wesemael, B. and Winowiecki, L. (2017). Soil carbon 4 per mille. Geoderma 292, 
59–86.

http://dx.doi.org/www.agrifutures.com.au


Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 39

Morgan, M. I., Hine, D. W., Bhullar, N. and Loi, N. M. (2015). Landholder adoption of low 
emission agricultural practices: A profiling approach. Journal of Environmental 
Psychology 41, 35–44.

Mudge, P., McNeill, S., Hedley, C., Roudier, P., Poggio, M. and Whenua, M. (2020). Design 
of an on-farm soil carbon benchmarking and monitoring approach for individual 
pastoral farms. MPI Technical Paper No: 2020/02. Ministry for Primary Industries, 
Wellington, NZ Available at: http://www .mpi .govt .nz /news -resources /publications 
.aspx.

Müller, B. and Michaelowa, A. (2019). How to operationalize accounting under Article 
6 market mechanisms of the Paris Agreement. Climate Policy 19(7), 812–819,  
Article 6.

Murphy, B. (2020). Chapter 20: Soil carbon sequestration as an elusive climate mitigation 
tool. In: Dang Y., Dalal R. and Menzies, N. (Eds) No-Till Farming Systems for 
Sustainable Agriculture. Springer, Cham, 337–353. https://doi .org /10 .1007 /978 -3 
-030 -46409 -7 _20.

Murphy, B. W., Wilson, B. R. and Koen, T. (2019). Mathematical functions to model the 
depth distribution of soil organic carbon in a range of soils from New South Wales, 
Australia under different land uses. Soil Systems 3(3), 46.

Nelson, E., Polasky, S., Lewis, D. J., Plantinga, A. J., Lonsdorf, E., White, D., Bael, D. and 
Lawler, J. J. (2008). Efficiency of incentives to jointly increase carbon sequestration 
and species conservation on a landscape. Proceedings of the National Academy of 
Sciences of the United States of America 105(28), 9471–9476.

Ogle, S. M., Breidt, F. J. and Paustian, K. (2005). Agricultural management impacts on soil 
organic carbon storage under moist and dry climatic conditions of temperate and 
tropical regions. Biogeochemistry 72(1), 87–121.

Paustian, K. A. O. J. H., Andren, O., Janzen, H. H., Lal, R., Smith, P., Tian, G., Tiessen, H., Van 
Noordwijk, M. and Woomer, P. L. (1997). Agricultural soils as a sink to mitigate CO2 
emissions. Soil Use and Management 13(s4), 230–244.

Paustian, K., Collier, S., Baldock, J., Burgess, R., Creque, J., DeLonge, M., Dungait, J., 
Ellert, B., Frank, S., Goddard, T., Govaerts, B., Grundy, M., Henning, M., Izaurralde, 
R. C., Madaras, M., McConkey, B., Porzig, E., Rice, C., Searle, R., Seavy, N., Skalsky, 
R., Mulhern, W. and Jahn, M. (2019). Quantifying carbon for agricultural soil 
management: From the current status toward a global soil information system. 
Carbon Management 10(6), 567–587.

Paustian, K., Lehmann, J., Ogle, S., Reay, D., Robertson, G. P. and Smith, P. (2016). Climate-
smart soils. Nature 532(7597), 49–57.

Peng, W., Iyer, G., Bosetti, V., Chaturvedi, V., Edmonds, J., Fawcett, A. A., Hallegatte, S., 
Victor, D. G., van Vuuren, D. and Weyant, J. (2021). Climate policy models need to 
get real about people—here’s how. Nature 594(7862), 174–176.

Poeplau, C. and Don, A. (2015). Carbon sequestration in agricultural soils via cultivation of 
cover crops–A meta-analysis. Agriculture, Ecosystems and Environment 200, 33–41.

Poulton, P., Johnston, J., Macdonald, A., White, R. and Powlson, D. (2018). Major limitations 
to achieving “4 per 1000” increases in soil organic carbon stock in temperate 
regions: Evidence from long-term experiments at Rothamsted Research, United 
Kingdom. Global Change Biology 24(6), 2563–2584.

Powlson, D. S., Smith, P., Coleman, K., Smith, J. U., Glendining, M. J., Körschens, M. and 
Franko, U. (1998). A European network of long-term sites for studies on soil organic 
matter. Soil and Tillage Research 47(3–4), 263–274.

http://dx.doi.org/http://www.mpi.govt.nz/news-resources/publications.aspx
http://dx.doi.org/http://www.mpi.govt.nz/news-resources/publications.aspx
http://dx.doi.org/https://doi.org/10.1007/978-3-030-46409-7_20
http://dx.doi.org/https://doi.org/10.1007/978-3-030-46409-7_20


 Creating frameworks to foster soil carbon sequestration40

Published by Burleigh Dodds Science Publishing Limited, 2023.

Powlson, D. S., Whitmore, A. P. and Goulding, K. W. T. (2011). Soil carbon sequestration to 
mitigate climate change: a critical re-examination to identify the true and the false. 
European Journal of Soil Science 62(1), 42–55.

Rabbi, S. M. F., Tighe, M., Delgado-Baquerizo, M., Cowie, A., Robertson, F., Dalal, R., Page, 
K., Crawford, D., Wilson, B. R., Schwenke, G., Mcleod, M., Badgery, W., Dang, Y. P., 
Bell, M., O’Leary, G., Liu, D. L. and Baldock, J. (2015). Climate and soil properties 
limit the positive effects of land use reversion on carbon storage in Eastern Australia. 
Scientific Reports 5(1), 17866.

Rawnsley, R., Dynes, R. A., Christie, K. M., Harrison, M. T., Doran-Browne, N. A., Vibart, 
R. and Eckard, R. (2016). A review of whole farm-system analysis in evaluating 
greenhouse-gas mitigation strategies from livestock production systems. Animal 
Production Science 58(6), 980–989.

Robinson, C. J., Renwick, A. R., May, T., Gerrard, E., Foley, R., Battaglia, M., Possingham, H., 
Griggs, D. and Walker, D. (2016). Indigenous benefits and carbon offset schemes: An 
Australian case study. Environmental Science and Policy 56, 129–134.

Rockström, J., Gaffney, O., Rogelj, J., Meinshausen, M., Nakicenovic, N. and Schellnhuber, 
H. J. (2017). A roadmap for rapid decarbonization. Science 355(6331), 1269–1271.

Rogers, E. M. (2004). A prospective and retrospective look at the diffusion model. Journal 
of Health Communication 9 (Suppl. 1), 13–19.

Rumpel, C., Amiraslani, F., Koutika, L. S., Smith, P., Whitehead, D. and Wollenberg, E. 
(2018). Put more carbon in soils to meet Paris climate pledges. Nature 564(7734), 
32–34.

Rumpel, C., Amiraslani, F., Chenu, C., Cardenas, M. G., Kaonga, M., Koutika, L. S., 
Ladha, J., Madari, B., Shirato, Y., Smith, P., Soudi, B., Soussana, J. F., Whitehead, D. 
and Wollenberg, E. (2020). The 4p1000 initiative: Opportunities, limitations and 
challenges for implementing soil organic carbon sequestration as a sustainable 
development strategy. Ambio 49(1), 350–360.

Russell, E. J. (1912). Soil Conditions and Plant Growth. 1st edn. Longmans, London.
Sainju, U. M., Jabro, J. D. and Stevens, W. B. (2008). Soil carbon dioxide emissions as 

affected by irrigation, tillage, cropping system and nitrogen fertilization. Journal of 
Environmental Quality 37(1), 98–106.

Sampson, R. N. and Sedjo, R. A. (1997). Economics of carbon sequestration in forestry: 
An overview. Critical Reviews in Environmental Science and Technology 27(Suppl.1), 
1–8.

Sanderman, J. and Baldock, J. A. (2010). Accounting for soil carbon sequestration in 
national inventories: A soil scientist’s perspective. Environmental Research Letters 
5(3), 034003.

Sanderman, J., Farquharson, R. and Baldock, J. (2010). Soil carbon sequestration 
potential: A review for Australian agriculture. Report to the Australian Government 
Department of Climate Change and Energy Efficiency. CSIRO, Canberra, Australia.

Sanderman, J., Hengl, T. and Fiske, G. J. (2017). Soil carbon debt of 12,000 years of 
human land use. Proceedings of the National Academy of Sciences of the United 
States of America 114(36), 9575–9580.

Schlesinger, W. H. and Amundson, R. (2019). Managing for soil carbon sequestration: 
Let’s get realistic. Global Change Biology 25(2), 386–389.

Schneider, L., Duan, M., Stavins, R., Kizzier, K., Broekhoff, D., Jotzo, F., Winkler, H., Lazarus, 
M., Howard, A. and Hood, C. (2019). Double counting and the Paris Agreement 
rulebook. Science 366(6462), 180–183.



Published by Burleigh Dodds Science Publishing Limited, 2023.

Creating frameworks to foster soil carbon sequestration 41

Schneider, L. and La Hoz Theuer, S. (2019). Environmental integrity of international 
carbon market mechanisms under the Paris Agreement. Climate Policy 19(3), 
386–400.

Schuman, G. E., Janzen, H. H. and Herrick, J. E. (2002). Soil carbon dynamics and 
potential carbon sequestration by rangelands. Environmental Pollution 116(3), 
391–396.

Smith, P., Smith, J. U., Powlson, D. S., McGill, W. B., Arah, J. R. M., Chertov, O. G., Coleman, 
K., Franko, U., Frolking, S., Jenkinson, D. S., Jensen, L. S., Kelly, R. H., Klein-Gunnewiek, 
H., Komarov, A. S., Li, C., Molina, J. A. E., Mueller, T., Parton, W. J., Thornley, J. H. M. 
and Whitmore, A. P. (1997). A comparison of the performance of nine soil organic 
matter models using datasets from seven long-term experiments. Geoderma 81(1–
2), 153–225.

Smith, P., Soussana, J. F., Angers, D., Schipper, L., Chenu, C., Rasse, D. P., Batjes, N. H., 
Van Egmond, F., McNeill, S., Kuhnert, M., Arias-Navarro, C., Olesen, J. E., Chirinda, 
N., Fornara, D., Wollenberg, E., Álvaro-Fuentes, J., Sanz-Cobena, A. and Klumpp, K. 
(2020). How to measure, report and verify soil carbon change to realize the potential 
of soil carbon sequestration for atmospheric greenhouse gas removal. Global 
Change Biology 26(1), 219–241.

Stockmann, U., Adams, M. A., Crawford, J. W., Field, D. J., Henakaarchchi, N., Jenkins, M., 
Minasny, B., McBratney, A. B., De Courcelles, VdRd, Singh, K., Wheeler, I., Abbott, 
L., Angers, D. A., Baldock, J., Bird, M., Brookes, P. C., Chenu, C., Jastrow, J. D., Lal, 
R., Lehmann, J., O’Donnell, A. G., Parton, W. J., Whitehead, D. and Zimmermann, 
M. (2013). The knowns, known unknowns and unknowns of sequestration of soil 
organic carbon. Agriculture, Ecosystems and Environment 164, 80–99.

Sun, W., Canadell, J. G., Yu, L., Yu, L., Zhang, W., Smith, P., Fischer, T. and Huang, Y. (2020). 
Climate drives global soil carbon sequestration and crop yield changes under 
conservation agriculture. Global Change Biology 26(6), 3325–3335.

Sykes, A. J., Macleod, M., Eory, V., Rees, R. M., Payen, F., Myrgiotis, V., Williams, M., Sohi, S., 
Hillier, J., Moran, D., Manning, D. A. C., Goglio, P., Seghetta, M., Williams, A., Harris, J., 
Dondini, M., Walton, J., House, J. and Smith, P. (2020). Characterising the biophysical, 
economic and social impacts of soil carbon sequestration as a greenhouse gas 
removal technology. Global Change Biology 26(3), 1085–1108.

Terrer, C., Phillips, R. P., Hungate, B. A., Rosende, J., Pett-Ridge, J., Craig, M. E., van 
Groenigen, K. J., Keenan, T. F., Sulman, B. N., Stocker, B. D., Reich, P. B., Pellegrini, A. 
F. A., Pendall, E., Zhang, H., Evans, R. D., Carrillo, Y., Fisher, J. B., Van Sundert, K., Vicca, 
S. and Jackson, R. B. (2021). A trade-off between plant and soil carbon storage under 
elevated CO2. Nature 591(7851), 599–603.

TFCD (2021). Task Force on Climate-related Financial Disclosures. Available at: https://
www .fsb -tcfd .org/ [Accessed June 2021].

Trost, B., Prochnow, A., Drastig, K., Meyer-Aurich, A., Ellmer, F. and Baumecker, M. 
(2013). Irrigation, soil organic carbon and N2O emissions. A review. Agronomy for 
Sustainable Development 33(4), 733–749.

UNFCCC (2021). Paris agreement – Status of ratification. Available at: https://unfccc .int /
process /the -paris -agreement /status -of -ratification [Accessed 24 June 2021].

Van Groenigen, J. W., Van Kessel, C., Hungate, B. A., Oenema, O., Powlson, D. S. and 
Van Groenigen, K. J. (2017). Sequestering soil organic carbon: A nitrogen dilemma. 
Environmental Science and Technology 51(9), 4738–4739.

http://dx.doi.org/https://www.fsb-tcfd.org/
http://dx.doi.org/https://www.fsb-tcfd.org/
http://dx.doi.org/https://unfccc.int/process/the-paris-agreement/status-of-ratification
http://dx.doi.org/https://unfccc.int/process/the-paris-agreement/status-of-ratification


 Creating frameworks to foster soil carbon sequestration42

Published by Burleigh Dodds Science Publishing Limited, 2023.

Vermeulen, S., Bossio, D., Lehmann, J., Luu, P., Paustian, K., Webb, C., Augé, F., Bacudo, I., 
Baedeker, T., Havemann, T., Jones, C., King, R., Reddy, M., Sunga, I., Von Unger, M. 
and Warnken, M. (2019). A global agenda for collective action on soil carbon. Nature 
Sustainability 2(1), 2–4.

Verra (2012). Verified carbon standard, VCS. Available at: https://verra .org /wp -content 
/uploads /2018 /03 /VM0021 -Soil -Carbon -Quantification -Methodology -v1 .0 .pdf 
[Accessed May 2021].

Viscarra Rossel, R. A., Behrens, T., Ben-Dor, E., Brown, D. J., Demattê, J. A. M., Shepherd, 
K. D., Shi, Z., Stenberg, B., Stevens, A., Adamchuk, V., Aïchi, H., Barthès, B. G., 
Bartholomeus, H. M., Bayer, A. D., Bernoux, M., Böttcher, K., Brodský, L., Du, C. W., 
Chappell, A., Fouad, Y., Genot, V., Gomez, C., Grunwald, S., Gubler, A., Guerrero, C., 
Hedley, C. B., Knadel, M., Morrás, H. J. M., Nocita, M., Ramirez-Lopez, L., Roudier, P., 
Campos, E. M. R., Sanborn, P., Sellitto, V. M., Sudduth, K. A., Rawlins, B. G., Walter, 
C., Winowiecki, L. A., Hong, S. Y. and Ji, W. (2016). A global spectral library to 
characterize the world’s soil. Earth-Science Reviews 155, 198–230.

Wiesmeier, M., Urbanski, L., Hobley, E., Lang, B., von Lützow, M., Marin-Spiotta, E., van 
Wesemael, B., Rabot, E., Ließ, M., Garcia-Franco, N., Wollschläger, U., Vogel, H. and 
Kögel-Knabner, I. (2019). Soil organic carbon storage as a key function of soils-A 
review of drivers and indicators at various scales. Geoderma 333, 149–162.

Wilpiszeski, R. L., Aufrecht, J. A., Retterer, S. T., Sullivan, M. B., Graham, D. E., Pierce, E. 
M., Zablocki, O. D., Palumbo, A. V. and Elias, D. A. (2019). Soil aggregate microbial 
communities: Towards understanding microbiome interactions at biologically 
relevant scales. Applied and Environmental Microbiology 85(14), e00324-19.

Zhang, Y., Guo, L., Chen, Y., Shi, T., Luo, M., Ju, Q., Zhang, H. and Wang, S. (2019). Prediction 
of soil organic carbon based on landsat 8 monthly NDVI data for the Jianghan Plain 
in Hubei Province, China. Remote Sensing 11(14), 1683.

http://dx.doi.org/https://verra.org/wp-content/uploads/2018/03/VM0021-Soil-Carbon-Quantification-Methodology-v1.0.pdf
http://dx.doi.org/https://verra.org/wp-content/uploads/2018/03/VM0021-Soil-Carbon-Quantification-Methodology-v1.0.pdf

	1 Introduction
	2 Designing a framework to foster soil organic carbon sequestration
	3 An Australian case study
	4 Conclusion and future trends in research
	5 Where to look for further information
	6 References

