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1. Introduction to the Think Tank conserve and increase soil
organic carbon stocks

More carbon resides in the soil than in the atmosphere and all plant life combined (Lal
2004). However, soils can act either as a carbon source or sink (Fig. 1), and currently
represent a net source of greenhouse gas emissions in the EU, European Environmental
Agency (EEA 2022). Thus, improved soil management geared at improving soil heath
and reducing C losses could substantially contribute to achieving European Union
climate targets. EU member states reported a total loss of 108 Mt CO, from cultivation and
drainage of 17.8 Mha of organic soils in the year 2019, whereas only 44 Mt CO, were
removed from the atmosphere by 387.6 Mha mineral soils (EEA 2022). In Europe and
globally, peat soils contain the highest carbon stocks (Batjes 2002, De Vos et al. 2015)
and it is essential to manage the water level of peat wetlands to maintain these stocks
(Lloyd 2006). On average, global agricultural topsoil may have lost 2.5 + 2.3 Mg C ha™'
(3.9 = 5.4%) under constant net primary production (NPP). When accounting for NPP
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variations influenced by temperature and precipitation, the estimated loss is 1.6 + 3.4 Mg
Cha="(2.5+5.5%) (Poeplau and Dechow 2023).
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Figure 1. EE

The figure illustrates how soil organic carbon (SOC) is a key component in the global carbon
cycle. The flow of carbon (C) in the ecosystem is intricately linked to SOC stocks as fast and
slow reacting soil organic matter. The C-flow play a crucial role in providing essential
ecosystem services, acting as both a carbon sink and a source, depending on land use and
management practices. The net ecosystem production (NEP) is a function of the gross primary
production (GPP), respiration (R) by herbivores (h), plants (p), below- and above ground
decomposers (d)

It is important to acknowledge that in addition to mineralisation, a significant loss of soil C
happens by erosion and leaching (Chenu et al. 2019). Thus, the SOC stocks are a result
of the simple balance of input and output with time as outlined in Equation 1:

dC/dt=I(t) - k(t)C (eq. 1)
where | is organic C input, k is the rate of C loss in the time-interval t.

The EU mission: a Soil Deal for Europe, defines “conserving soil organic carbon stocks”
as one of the 8 mission objectives, addressing the importance of maintaining, or in many
situations increasing the SOC stocks. As illustrated in figure 1, SOC is the main a major
component of soil organic matter (SOM), mainly originating from plant debris
accumulating and decaying in soil (Hoffland et al. 2020), slowly becoming a product
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dominated by molecules of microbial signature (Kallenbach et al. 2016), mixed and often
adhering to soil minerals (Lehmann and Kleber 2015). A large body of previous research
shows that the total input of organic C is a crucial factor in determining the long-term C
stock, together with soil properties that control SOC stabilization (Mikutta et al. 2007,
Schmidt et al. 2011). In 2017, the soil carbon “4 per mille 1000” initiative was launched to
investigate the potential in increasing the soil organic matter stocks by 0.4%/year to
compensate for anthropogenic release of greenhouse gasses (Minasny et al. 2017). This
has fuelled an interesting debate on the complexity of soils, it's their use and quality in
relation to carbon storage e.g (Moinet et al. 2022, Powlson and Galdos 2023, White et al.
2018).There is, however, an overwhelming body of evidence that increasing SOC stock
in agricultural soils may can help sustain or even improve biological, physical, and
chemical soil properties, with benefits for soil organisms, root growth, as well as a range
of other functions of soils important for many ecosystem services (Powlson and Galdos
2023). In cropland soils, the SOC stock is often declining, and vulnerable to further losses
due to intensive management and climate change. Emphasizing the entire carbon cycle
and the various functions of SOC, not just its stable forms, to better address climate
mitigation and ecosystem functions, is essential for creating sustainable and resilient
ecosystems (Janzen 2024). Conserving SOC in soils may support climate change
adaptation, resistance and resilience to adverse weather conditions (Qiao et al. 2022),
butitis challenging to combine global climate change mitigation and adaptation, through
soil organic carbon sequestration while at the same time enhancing food security.

This soil mission objective aims at identifying actions that can limit the current carbon
losses from cultivated soils and preferably reverse it to a rate of 0.1 - 0.4% increase per
year (European Commission n.d.). The mission's objectives are relevant not only for
supporting the aim to improve soil health by 2030, but also for the member states to
become carbon neutral by 2050 (European Commission, n.d.). The SOC Think Tank
addresses the importance of maintaining, or in many situations where possible
increasing the soil organic carbon SOC stocks by:

. Addressing the impacts of management:
° Climate change and adaptation technologies

° Biodiversity and soil health
° Forestry management
° Agronomic and land use management
. Finding Technical solutions for monitoring, reporting and verification (MRVs):

° Soil carbon measurement and monitoring
. Considering the socio-economic context:

° Policy making and decision support
° Urbanization and circular economy
° Education and awareness raising

° EU-footprints on SOC-stocks outside EU
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2. State-of-the-Art

2.1 Current status of knowledge on conserving and increasing soil organic
carbon stocks

Soil carbon stocks and quality are influenced by climate, soil minerals and aggregation
(Lehmann and Kleber 2015), the rate of plant primary production, plant root interaction
with soil and soil biology (Bai and Cotrufo 2022, Katterer et al. 2011), and various
management factors, such as land use, soil management and crop rotation (Cui et al.
2022, Fornara and Higgins 2022, Haddaway et al. 2017). A review of recent studies by
Bai and Cotrufo (2022) highlights the essential role of management improvements,
restoration and the capacity of plants and soil biology in controlling the formation of
mineral associated organic material (MAOM) and particulate organic material (POM)
promoting SOC storage, and thus mediating the impacts of climate change. The
biogeochemistry of SOC is a dynamic continuum, ranging from intact plant residues to
highly oxidized carbon in carboxylic acids. Understanding this continuum requires a
mechanistic grasp of how SOC interacts with minerals, and how microbial activity
mediates the balance between organic matter stocks and flows (Lehmann and Kleber
2015). Soil carbon is vastly heterogeneous, encompassing everything from last hour's
root exudates to persistent humified material, millennia old (Amundson 2001). Soil
organic matter is biologically most useful when it breaks down and releases plant
nutrients, which is in direct contrast to the aim of storing more carbon in soils (Janzen
2006).

The EUSO soil health dashboard reveals that over 60% of EU soils are affected by one or
more soil degradation processes or by soil sealing (EU comission 2023b), however gaps
remain due to limited data on various soil degradation issues. Soil health is closely linked
to SOC, as SOM affects soil structure, soil life and elemental cycles, which together
sustain essential ecosystem functions such as erosion protection, soil biodiversity,
primary production, climate regulation and water quality (Hoffland et al. 2020). The status
of carbon quality, such as particulate and mineral associated fractions in relation to its
stability and soil structure in agronomic and forests soils, has thus been a matter of
intense research (Georgiou etal. 2022, Liang etal. 2017).

Increasing SOC stocks for climate change adaptaion in Europe necessitates
understanding the trade-offs and synergies of soil management strategies (SMS) and
land use change (LUC) in relation to SOC stocks. This is closely linked to the concept of
soil as a living ecosystem and the impact of biodiversity on SOC. Many lists of indicators
for soil quality and soil health include carbon content and microbial respiration together
because they are positively correlated (EU comission 2023a). This complex topic is
influenced by various factors, including land use, environmental conditions, and
biodiversity (Ratcliffe et al. 2017). Microbial biomass does provide 'early warning' of slow
changes in total SOC (Powlson et al. 1987). But biomass is not the easiest method for
routine use. Alternatives exist; see Bongiorno et al. (2019). As microbial activity and
nutrient release increase with increasing carbon content, nutrient mining may occur,
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potentially counteracting efforts to improve soil health Additional biological indicators
may also provide insight about C dynamics and microbial activity (Liptzin et al. 2022).

Estimates of SOC stocks in Europe and globally are characterized by significant
variability and complexity, influenced by factors such as initial SOC stock, climate, land
use, and soil type. The initial SOC stocks are tightly related to SOC loss and initial SOC
stocks explain the variability of the loss of SOC stocks globally (Poeplau and Dechow
2023). Soil organic carbon stocks in European agricultural soils are estimated at 17.63 Gt
for the 0-30 cm depth, with regional variations due to climate and land use (Lugato et al.
2018). The average SOC stocks in forest floor soils has been estimated at 22.1 t C ha™",
108 t C ha~" in mineral soils, and 578 t C ha~" in peat soils, measured to a depth of 1
meter. In line with global trends observed in forest soils, the vertical distribution of SOC
showed that approximately 50% of the carbon was concentrated in the top 20 cm, and
about 55-65% was found within the top 30 cm of the soil profile (Vos et al. 2015). Soil
organic carbon stocks and their distribution in the landscape are influenced by
environmental factors such as climate, soil pH, and land cover type, which vary across
Europe (Vos et al. 2015). This spatial variability necessitates region-specific models for
accurate SOC estimation. Current estimates and models indicate both challenges and
opportunities for SOC management, highlighting the need for further research to refine
these estimates to reduce uncertainties, and support effective policymaking for carbon
sequestration and soil managementin general.

Integrating soil monitoring frameworks with natural capital accounting can improve
assessments of soil conditions and changes, supporting policy and socio-economic
decisions. While public awareness of the importance of soil health, soil carbon, and
climate change is growing in Europe, significant gaps and challenges remain (Thorsge et
al. 2023). Enhancing knowledge transfer and increasing public engagement are
essential. Key recommendations include strengthening knowledge brokers, making
research more applicable to practitioners, and providing incentives for sustainable land
management.

Changes in soil carbon stocks occur slowly, with management effects varying across
climate zones and soil types. Effective implementation of soil carbon management
technologies necessitates interaction with all relevant stakeholders, including farmers
and landowners, agronomic advisors, agricultural supply companies, policymakers, and
those involved in the food supply chain. Practitioners possess essential knowledge and
experience about their own land, and mutual knowledge exchange will facilitate the
necessary engagement for innovative technology implementation, ultimately improving
soil carbon stocks and overall soil health.

In general, there is a need for more knowledge on long-term trends in European
cultivated and non-cultivated soils (such as forests, peat, pasture, natural grass and
heath lands) and documentation on consequences of land use changes, impacts of
urbanization and new technologies on soil properties and soil organic carbon stores.
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This is best achieved by a combination of:

detailed studies to investigate mechanisms of C turnover and stabilization
continued interpretation and re-interpretation of data from long-term experiments
surveys of organic C changes in realistic on-farm situations

interaction between policy makers and relevant stakeholders

RN~

2.2 Prioritizations of knowledge gaps

The SOC Think Tank has examined the state of the art and identified knowledge gaps
regarding the impact of agricultural and forest land uses on SOC. It also explored how
biodiversity, the circular economy, and urbanization interact with SOC stocks.
Additionally, the need for further research and implementation in modelling and method
standardization was highlighted. The investigation extended to identifying how SOC is
affected by EU policies outside the EU and addressing literacy gaps in this context.
Numerous knowledge gaps were identified for each topic. Despite this, several gaps can
be grouped and prioritized, while still validating the identified research and innovation
development and application gaps. The preliminary identification of all knowledge gaps
was published in the Aimas et al. (2024 ) scoping document.

Before the stakeholder workshop organized by the SOLO team in Sofia on November 5th
and 6th, 2024, the SOC Think Tank key stakeholders identified the most critical
knowledge gaps for each of the aforementioned topics affecting SOC stocks. Based on
this pre-identification, Think Tank members grouped and reported the ten most essential
and comprehensive knowledge gaps for further prioritization at the Sofia workshop. The
key knowledge gaps that received the highest scores defined a preliminary ranking. This
process was later repeated with a larger group of stakeholders in an online meeting. The
cumulative scores resulted in the ranking identified in Table 1 below. The final list was
also presented and verified by participants of the “soil pollution and restoration” Think
Tank "Soil-week" event held in Hungary on December 4th.

Table 1.

Ranking of the top 10 knowledge gaps identified (a full list of all identified knowledge gaps is
available under Suppl. material 1. KDG = knowledge development gap, KAG = knowledge
application gap)

Rank Knowledge gap Type of knowledge gap
1 Increasing SOC stocks for climate change adaptation KDG
2 Biodiversity; interaction between soil carbon and soil biology KDG
3 Policy making and decision support KAG
4 Soil carbon monitoring, reporting and verification (MRV) KDG
5 SOC and circular economy, LCA KDG
6 SOC in agronomic systems KDG
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Rank Knowledge gap Type of knowledge gap
7 Urbanization and SOC KAG
8 Education and awareness raising on SOC KAG
9 Management of forests and SOC KDG
10 EU footprints of soil carbon outside Europe KAG

3. Roadmap for the topic “Conserving and increasing soil organic
carbon stocks”

3.1 Key knowledge gaps

An overview of the prioritized knowledge gaps, their sector impact, bottlenecks and
suggested actions are summarised in Table 2 (Suppl. material 1) in the end of Chapter 3.

Knowledge gap 1: Increase SOC stocks for climate change adaptation

The investigation has identified the following knowledge development gap:

The knowledge gap to increase SOC stocks for climate change adaptation requires a
broad and interdisciplinary field of research, involving various disciplines, methods, and
perspectives concerning soil health, quantification of SOC stocks, regional variability,
mitigation strategies and integration with agricultural policies. This knowledge gap
represents several topics requiring knowledge development for further research and
innovation actions.

Many European soils are degraded, necessitating the development of specific indicators
that correlate with SOC storage and climate resilience. Monitoring and assessing SOC
stocks across diverse landscapes is challenging due to inconsistent data and
methodologies. Integrating SOC considerations into agricultural policies and fostering
collaboration among policymakers, scientists, and practitioners is crucial. Additionally,
understanding the effects of climate adaptation measures and forest management
practices on SOC, and providing incentives for farmers and forest owners to adopt
sustainable strategies, is important.

The management of soil should focus on sustainability of food and fiber production and
sustaining ecosystem services. This puts climate change adaptation as the primary aim
for soil management rather than mitigation. The impact of climate change on food and
fiber production depends on the responses and adaptations of farmers, consumers,
markets, and policies. These adaptations are the result of complex optimization decisions
and general equilibrium dynamics, and thus difficult to measure and predict (Page et al.
2020). Increased SOC stocks generally favor both mitigation and adaptation as higher
SOC in top layers in e.g. no tillage systems, provide resilience to extreme weather
conditions (Haddaway et al. 2017).
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Climate change adaptation includes soil and crop management practices for soil water
retention and effective water infiltration strategies, which both are closely linked to
maintaining or increasing SOC stocks. Practices such as organic amendments and
maintaining continuous living cover improve soil structure, by improving soil aggregation
and enhancing bio-porosity. Bio-porosity refers to the presence of pores in the soil that
are created or enhanced by biological activity, such as the action of soil organisms like
earthworms. This enhances water infiltration and reduces surface runoff, although bypass
flow through biopores may increase nutrient losses (Sims et al. 1998). However, these
can also reduce soil water storage and groundwater recharge, particularly in dry
climates: In Mediterranean rainfed agroecosystems, techniques like no or minimum
tillage, and direct drilling improve soil water retention and potentially carbon storage in
top mineral soils (Blanchy et al. 2023). But the potential in climate change mitigation is
limited considering the whole soil profile (Cai et al. 2022), acting as both adaptation and
mitigation strategies, and results from cool and humid climate are not so promising
(Honkanen et al. 2024). The choice of tillage and residue management significantly
affects SOC dynamics. Retaining crop residues can mitigate SOC losses, while residue
harvesting leads to substantial declines (Herzfeld etal. 2021).

Soil organic carbon stocks are influenced by climate and land use changes, and in
Mediterranean areas, conversion from natural vegetation to agriculture significantly
reduces SOC stocks (Lozano-Garcia et al. 2017). Other studies have shown the same,
and generally the loss of SOC is strongest when turning grassland and forest into
cropland (De Rosa et al. 2024, Poeplau and Don 2013). According to the study by
Poeplau and Don (2013) the land use change from cropland to forest increased SOC by
21 Mg ha~", while grassland to cropland decreased SOC by 19 Mg ha~". Across Europe,
SOC stocks may increase by 2050 under various climate and land cover scenarios,
although the extent varies (Yigini and Panagos 2016). The effectiveness of these
strategies can vary based on local conditions and requires careful consideration of trade-
offs.

Farming systems with focus on soil management, e.g. practicing reduced or no tillage to
achieve minimal soil disturbance, as well as crop rotation, cover crops, and plant residue
or manure return. Such practices will have impacts on SOC storage, thus contributing to
climate change mitigation and adaptation.

Organic farming has the potential to increase SOC stocks and sequestration rates (Clark
and Timan 2017), and can offer larger environmental benefits in comparison to
conventional agricultural systems (Gattinger et al. 2012). However, organic farming
generally produce slightly less biomass, and the effect on soil carbon stock from organic
farming is complex and content performance dependent (e.g. climate, soil characteristics
etc, Seufert and Ramankutty (2017)). Organic farming is, in principle, based on fertile soil
that must be maintained through regular application of organic material as fertiliser. Over
time, this has the potential to also increase SOC. Organic farming may in some cases
also involve reduced tillage, although soil tillage is often used for weed control. Reduced
tillage has the potential to increase total SOC stocks, if crop management is optimized.
Krauss et al. (2022) reported the effect of reduced tillage on SOC stocks in organic
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farming systems in temperate Europe. They found slight increase in top 10-15 cm, slight
decrease in intermediate dept (down to 50 cm), followed by a slight increase again in
70-100 cm depth. The investigation reported in Gaudaré et al. (2023) indicates, though,
that unless appropriate farming practices are implemented, expanding organic farming
might reduce the potential for soil carbon sequestration. According to Lorenz et al. (2019)
the demand for organic products will continue to grow driven by food safety concerns.
Due to lower yields, however, natural ecosystems may be increasingly converted to
agroecosystems to meet the demand with uncertain consequences for the environment.

Regenerative agriculture (RA) may be defined as “an approach to farming that uses soil
conservation as the entry point to regenerate and contribute to multiple provisioning,
regulating and supporting services, with the objective that this will enhance not only the
environmental, but also the social and economic dimensions of sustainable food
production” (Schreefel et al. 2020). As such, it consists of a range of different practices
that vary varies between regions, farmers and farming systems. It often includes focus on
reduced tillage, crop retention, cover crops crop residue management. These practices in
combination have shown to increase SOC (Chahal and Singh 2020, Rhodes 2017).
Regenerative agricultural practices do not only enhance carbon storage but reports also
indicate improved soil fertility and crop yields in many situations (Rhodes 2017). In
general, it seems likely that regenerative practices, particularly reduced or no-tillage and
cover crops, have the potential to increase SOC content (Breil et al. 2021). Regenerative
agricultural practices are not only likely to enhance carbon storage (Breil et al. 2021) but
reports also indicate improved general soil fertility and crop yields in many situations
(Rhodes 2017).

Conservation agriculture (CA) is based on many of the abovementioned principles and
focuses on minimal soil disturbance, permanent soil cover, and crop rotation. The effects
of CA on SOC stocks are not consistent and depend on various factors, such as soil type,
climate, crop type, residue management, and duration of conservation agriculture. A
global metastudy showed that CA systems including legume residue retention in
combination with manure and mineral N-admixing have considerable potential to
increase SOC and total N in topsoil layers (Bohoussou et al. 2022). But, as with all the
practices considered, research is required to identify opportunities, barriers, and trade-
offs with other agronomic environmental goals in a range of environments.

Results of the impacts of agroforestry on soil C stocs from the boreal zone are scarce, but
some studies show that agroforestry and intercropping can significantly impact soil
organic carbon stocks in Europe Heimsch et al. (2023). Trees increased C accumulation
of the ecosystem, and thus, the net emissions were estimated to be smaller than without
the tree row, but soil SOC stocks were not measured. Mayer et al. (2020) conducted a
meta study on temperate climate zones worldwide and found that agroforestry systems
sequester significant amounts of SOC in topsoil and subsoils. Zuazo et al. (2014)
reported that forest, shrubland, and grassland in a Mediterranean agroforestry landscape
had higher soil organic carbon stocks compared to abandoned farmland. Further, Kay et
al. (2019) emphasized the potential of agroforestry in sequestering carbon and mitigating
environmental pressures in European farmland. Positive effects of diversified arable
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cropping systems on SOC content in European agroecosystems have generally been
reported (Francaviglia etal. 2019).

Forest management must incorporate adaptive strategies to address climate change
impacts, such as altering tree species composition, adjusting rotation periods, and
modifying stand structures to maintain forest productivity and resilience (Jandl et al.
2019). Maintaining genetic diversity and resilience of forest ecosystems is crucial. This
includes selecting tree species and genotypes that are better adapted to future climatic
conditions, such as increased drought risks (Keenan 2015).

Effective climate change adaptation in marginal and alpine systems requires managing
the impacts of shifting conditions on these fragile ecosystems. Adaptation strategies are
essential for preserving biodiversity, ecosystem functions, and agricultural productivity. In
alpine grasslands, climate change may alter plant species composition, potentially
stabilizing primary production despite warming. However, these changes often lead to
deeper root systems, which can influence soil carbon storage dynamics (Liu et al. 2018).
Marginal populations of plants, such as those in alpine environments, may exhibit strong
local adaptations to environmental stressors like frost. These adaptations are crucial for
survival but may be limited by genetic diversity (Kreyling etal. 2014).

The investigation has identified following bottleneck

Complexity and unclear mechanisms of SOC dynamics hinder understanding and
application in climate adaptation strategies.

Suggested actions include:

(i) More experimental research is needed to study the long-term dynamics of trade-offs
and synergies in SOC sequestration under various soil management strategies;

(i) There is also need to developing models and monitoring programs to better
understand soil carbon stocks and degradation is crucial,

(iii) Research should provide further knowledge on how soil structure, management
practices and extreme weather events impact organic carbon stocks, and how this
interacts with functional biodiversity. To assess these effects, research on harmonizing
measuring, accounting, monitoring and model development across Europe is required

(iv) Its also essential to provide regional-specific long-term knowledge for tailoring
adaptation strategies;

(v) There is also a need to increase the understanding on the indirect effects of
adaptation practices on soil functions and biodiversity.

(Vi) Research should focus on practices that promote SOC accumulation while balancing
trade-offs between climate adaptation, food security, and ecosystem services;

(Vii) Transfer of existing research to practical applications remains insufficient
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Knowledge gap 2: Biodiversity - interaction between soil carbon and soil
biology

The investigation has identified the following knowledge development gap:

There is limited understanding of how soil biodiversity influences carbon cycling
processes and the lack of comprehensive data on soil biodiversity across different
regions and scales. While there is growing evidence linking plant diversity to soil carbon
cycling, there is limited information on how soil biodiversity itself influences these
processes.

The "Convention on Biological Diversity (CBD)" (www.cbd.int) defines soil biodiversity as
“the variation in soil life, from genes to communities, and the ecological complexes of
which they are part, that is from soil micro-habitats to landscapes.” It encompasses the
variety of life below ground, including microorganisms, microfauna, mesofauna, and
macro/megafauna. Soil biodiversity blends four complementary dimensions of soil
systems: soil physics, soil chemistry, soil biology, and soil ecosystem functions. It relates
to specific ecological indicators and includes a wide variety of soil-related Essential
Biodiversity Variables (EBVs) to track the state and dynamics of global soil biodiversity
and ecosystem functioning over time (Guerra etal. 2021).

Soil biodiversity plays a critical roles in delivering ecosystem goods and services, such
as nutrient cycling, water regulation, and soil structure maintenance. Biodiverse
ecosystems may enhance SOC storage capacity and research can identify which plant
species or microbial communities promote SOC accumulation (Chen et al. 2020, Chen et
al. 2018). Plant communities enhance SOC through root exudates, litter quality and
mycorrhizal associations, and investigating these feedback loops may help designing
effective climate adaptation strategies. Moreover, biodiversity does affect SOC response
to land use changes, and the relationships vary across ecosystems, climates, and soil
types. There is an intricate relationship between SOC, soil biodiversity and ecosystem
resilience in global soils.

High soil biodiversity supports various soil ecosystem functions and increases the
system's ability to withstand and recover from environmental changes (Delgado-
Baquerizo et al. 2025), and diverse plant species and soil organisms improve nutrient
cycling and soil fertility (Furey and Tilman 2021). This is achieved through interactions
among soil organisms, which enhance nutrient availability and storage, leading to
increased soil fertility and reduced fertilizer needs (Delgado-Baquerizo et al. 2020).
There is evidence that that high soil biodiversity increases ecosystem stability, resistance
to environmental changes, and protection against diseases (Wang et al. 2025). These
functions collectively contribute to a more robust and sustainable soil ecosystem, capable
of adapting to and recovering from various environmental challenges (Bender et al. 2016,
Brussaard et al. 2007), and soil health, high biodiversity and conservation of soil organic
carbon are strongly connected (Chen et al. 2020, Lal 2016). It is important to note,
however, that in some terrestrial ecosystems, the functional biodiversity is naturally low,
particularly in marginal and extreme environments. This low biodiversity is characteristic
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for such systems, but this results in limited functional redundancy, making these
ecosystems particularly susceptible to disturbances (Wall and Virginia 1999).

High plant biodiversity boosts plant productivity and root biomass, enhancing microbial
growth and activity (Prommer et al. 2020). This leads to greater carbon inputs into the soil
and improved carbon sequestration. Maintaining high levels of plant and soil organism
diversity is essential for improving soil carbon storage and mitigating climate change
impacts. Land-use practices that promote biodiversity, such as organic farming and
diverse plantings, are beneficial for SOC conservation (Maron et al. 2018). However, the
complexity of mechanisms at play is not yet well understood. For example, mixed species
stands with low diversity in root architecture have recently been found to contribute to soil
C storage more than those displaying contrasting root-system architecture (Yin et al.
2025). These insights underscore the importance of integrating biodiversity
considerations into land management and policy decisions to enhance soil carbon
sequestration.

Experimental evidence drawn from biodiversity ecosystem functioning experiments has
generally shown that higher plant biodiversity leads to both higher aboveground and
belowground plant productivity and concordantly higher soil carbon. In 1994, Tiiman and
Downing reported that preservation of biodiversity is essential for the maintenance of
stable productivity in ecosystems (Tiiman and Downing 1994). It may be the case thatin a
grassland clay rich soils, where essential nutrients are limiting, that the best yielding
monoculture species may be superior to a mixture of plant species for producing biomass
and storing soil carbon. However, there are also a host of what ecologists call "niche
differences" that could explain why in some cases a higher number of species would
yield greater soil carbon. For example, plant species can differentiate in hot and dry vs
cold and wet seasons, exhibiting different rooting depths, producing different types of
litter that are differentially processed by the microbial community (Furey and Tilman 2021,
Kraychenko et al. 2019, Lange et al. 2015, Lange et al. 2021, Perry et al. 2023, Spohn et
al. 2023, Yang et al. 2019). Higher plant diversity can enhance soil multifunctionality and
increase SOC stocks by promoting below-ground organism diversity, which in turn
supports carbon sequestration (Schittko et al. 2022, Steinbeiss et al. 2008,Yin et al.
2025). The study by Steinbeiss et al. (2008), showed that higher species richness
significantly increased carbon storage and reduced carbon losses across all soil depths.
Species diversity was found to be more important than biomass production for soil carbon
changes. Finally, they report that tall herbs seem to aid in reducing carbon losses below
20 cm depth early on. An important observation is that this effect may be consistent
across different land-use types, including forests, grasslands, and croplands (Chen et al.
2020). In contrast, intensifying land use leads to a reduction in the number of soil biota
functional groups, with fewer species that are more closely related taxonomically
(Tsiafouli etal. 2015).

Biodiversity, both above- and belowground, is integral to maintaining and enhancing
SOC in Europe. Diverse plant species and soil organisms contribute to carbon
sequestration and overall ecosystem functionality. Land use changes and agricultural
practices significantly influence these dynamics, with more diverse systems generally
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supporting higher SOC levels. Conservation efforts should focus on maintaining
biodiversity to ensure the sustainability of soil carbon stocks. Li and colleagues (Li et al.
2024) examined croplands with varying SOC levels to explore the relationship between
SOC decomposition and the diversity, composition, and networks of belowground
communities, including archaea, bacteria, fungi, protists, and invertebrates. They
reported that SOC is crucial for the structure and metabolic activities of belowground
biota. Thus understanding the evolution of belowground communities and their feedback
on SOC dynamics seems important for carbon cycling, biodiversity conservation, and
carbon management.

Biodiversity in urban ecosystems remains a largely unexplored field. However, even in
these environments, biodiversity appears to enhance ecosystem functions and services,
particularly through soil carbon sequestration. Schittko et al. (2022) conducted a study in
Berlin, Germany, and they found that plant diversity positively influences soil
multifunctionality and organic carbon stocks by increasing the diversity of below-ground
organisms. These benefits are seen in both native and non-native plant species, though
they are more pronounced in native species. Therefore, increasing the diversity of plants
and soil fauna in urban grasslands can improve soil multifunctionality and help mitigate
climate change.

A study from South Africa addressed that although no clear global relationship exists,
positive local and regional relationships highlight the potential value of biodiversity in
enhancing carbon management, but that knowledge gaps still hinder effective policy
development for co-managing biodiversity and carbon (Midgley et al. 2010). This is also
acknowledged in the study by Chenu et al. (2019), reporting that while existing
knowledge and tools address many questions, further research is needed, especially on
practices and the role of soil microorganisms in stabilizing soil organic matter. Protecting
natural areas helps safeguard biota and reduce atmospheric carbon emissions, and
including the interaction between soil biodiversity and soil carbon content, could increase
funding opportunities for conservation (Sheil etal. 2016).

Evidence points to the need for further research to understand the role of biodiversity in
SOC dynamics, the impact of land use management practices, and how to integrate soil
biodiversity into policy and conservation efforts. Additionally, it is crucial to investigate
how climate change and environmental conditions interact with biodiversity and to better
understand belowground biological processes.

The investigation has identified the following bottlenecks:

(i) The lack of understanding of the mechanisms driving the observed congruence
between biodiversity and carbon stocks limits the ability to predict and manage
ecosystem services effectively.

(ii) Limited knowledge about how belowground communities—particularly microbes and
invertebrates—regulate SOC turnover and ecosystem functioning constrains the
development of holistic soil management strategies.
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(iii) The unclear influence of biodiversity on SOC dynamics in novel ecosystems, such as
those with high non-native species presence or urban disturbances, hampers the
formulation of adaptive conservation and restoration practices.

(iv) The poorly understood interplay between plant litter inputs and microbial respiration
across ecosystems creates a boftleneck in determining how plant diversity influences
SOC accumulation and stability.

(v) The lack of clarity on how different biodiversity measures—such as species richness
and functional traits—affect carbon stocks, especially in forest ecosystems, impedes the
integration of biodiversity into carbon management frameworks.

(vi) Current policy frameworks are not fully equipped to address the intricate and dynamic
interactions between biodiversity and SOC, creating a bottleneck in implementing
effective climate and conservation strategies.

(vii) The lack of integration of recent scientific insights—particularly regarding the role of
soil microorganisms and biodiversity in stabilizing soil organic matter—into agricultural
and forest management practices hinders efforts to enhance SOC storage at scale.

(viii) Uncertainty about how soils should be used for carbon storage hinders climate
mitigation planning.

(ix) Limited research and political sensitivity around carbon sequestration techniques
hinder policy support and long-term adoption.

Suggested actions include:

(i) Integrate belowground biological processes into SOC models to improve carbon
management strategies.

(ii) Developing high-resolution maps and models to predict soil biodiversity and SOC is
crucial. This includes using digital soil mapping and regression analysis to link soil
attributes with biodiversity .

(iii) An integrative approach that includes setting baselines, monitoring threats, and
establishing soil indicators is recommended.

(iv) Encouraging sustainable land-use practices and reducing agricultural intensification
can help preserve soil biodiversity. Providing incentives for sustainable practices and
improving knowledge access are also suggested.

(v) Providing incentives for sustainable practices and improving knowledge access are
also suggested.

(vi) Strengthen the role of knowledge brokers and improve the relevance of research
activities for land users through targeted advice and information dissemination.



Outlook on the knowledge gaps to conserve and increase soil organic carbon ... 15

(vii) Encourage research that integrates social and ecological systems to develop
comprehensive soil carbon management strategies.

Knowledge gap 3: Policy making and decision support

The investigation has identified the following knowledge application gap:

The gap between existing scientific knowledge and its practical implementation in policy
and land management creates a bottleneck in efforts to conserve and enhance SOC
stocks. Without effective knowledge exchange and decision support, proven strategies
remain underutilized, slowing progress in SOC restoration and climate resilience.

European soil carbon management is supported by various policy frameworks and social
strategies, including the European Green Deal, Common Agricultural Policy (CAP), and
carbon credit systems. The European Green Deal aims to make the EU climate-neutral by
2050, incorporating soil protection measures such as reducing chemical pesticide use
and increasing organic farming. The European Climate Law also addresses SOC
enhancement and wetland maintenance (Montanarella and Panagos 2021). The CAP
supports soil carbon management through incentives for sustainable practices and the
integration of soil carbon sequestration into climate-smart agriculture. However, current
policies are deemed insufficient for large-scale adoption, suggesting a need for more
focused regulatory frameworks (Verschuuren 2018). Carbon farming practices
incentivized through carbon credit systems reward increased soil carbon stocks
(Criscuoli etal. 2024). The credit system risks masking harmful practices, especially
outside the EU, through offsetting, while also creating dependency on external, non-
productive funding, echoing inefficiencies seen in parts of the CAP. Recommendations
include expanding eligible practices and setting regulatory baselines to ensure effective
implementation. The EU Soil Observatory collects data and develops indicators to assess
progress towards soil management targets, supporting policy development and
implementation (Montanarella and Panagos 2021).

Despite these initiatives, challenges persist in policy adequacy and knowledge
dissemination. To ensure effective soil carbon management and climate change
mitigation, it is essential to address these issues through targeted interventions and local
adaptation strategies. Increasing SOC stocks is crucial for enhancing soil fertility, food
security, and climate change mitigation, but significant knowledge and application gaps
remain in policymaking and decision support.

There is a need to clearly differentiate between SOC storage and sequestration and to
develop methods for accurately estimating potential SOC gains from various agricultural
practices. Chenu et al. (2019) elaborate on how implementing management strategies to
boost SOC stocks addresses several key questions and considerations, including
methods to increase SOC stocks, the rate and duration of these increases, prioritizing
storage areas, estimating potential carbon gains, and selecting suitable agricultural
practices. According to Maenhout et al. (2024), soil management strategies (SMS) can
enhance SOC stocks, reduce greenhouse gas (GHG) emissions, and decrease nitrogen
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(N) leaching. However, some SMS may increase emissions of GHGs like nitrous oxide
(N2O) or methane (CH,), offsetting the benefits of SOC sequestration. Understanding
these trade-offs and synergies is essential for selecting sustainable SMS for European
agriculture, but knowledge remains limited.

The effect of policymaking and support on the long-term dynamics of SOC stocks under
different management practices and climatic conditions is also underexplored (Maenhout
et al. 2024, Wang et al. 2022). Globally, much research predominantly focuses on
ecological aspects, with a lack of integration of social components, such as farmer
perspectives, which are essential for the sustainability of carbon-building practices (Amin
et al. 2020). The study by Thorsge et al. (2023) highlights that stakeholders emphasize
the need for better knowledge transfer to practitioners and recommend raising
awareness, improving research relevance, and providing incentives. Moreover, tailoring
soil management techniques to local conditions, such as climate and farming systems
seems essential to enhance SOC (Makipaa et al. 2024). Common barriers seem to
include biophysical conditions, financial support, and advisory service quality.
Opportunities lie in economic incentives, regulatory harmonization, and fostering long-
term planning and resilience (Mills et al. 2020).

The investigation has identified the following bottlenecks:

(i) Uncertainty about how soils should be used for carbon storage hinders climate
mitigation planning.

(ii) Limited research and political sensitivity around carbon sequestration techniques
hinder policy support and long-term adoption.

Suggested actions include:

(i) Strengthen the role of knowledge brokers and improve the relevance of research
activities for land users through targeted advice and information dissemination.

(ii) Encourage research that integrates social and ecological systems to develop
comprehensive soil carbon management strategies.

(iii) Promote studies in underrepresented regions to ensure a more global understanding
of SOC dynamics.

(iv) Invest in monitoring and modelling frameworks to provide robust data for decision-
making and policy development.

3.2 Prioritized knowledge gaps

Knowledge gap 4: Soil carbon monitoring, reporting and verification (MRV)

The investigation has identified following knowledge development gap:
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There is a significant lack of understanding and infrastructure for monitoring, reporting,
and verifying SOC across Europe.

Limited data, inconsistent methods, and lack of localized models hinder accurate
monitoring and verification of SOC across Europe. This includes insufficient long-term
datasets, non-standardized sampling methods, and a shortage of localized models that
reflect environmental variables like climate, soil pH, and land cover, limiting the accuracy
and effectiveness of SOC assessments for policy and land management. To effectively
address content and quality of SOC stock, several methods exist ranging from laboratory
measurements to remote sensing modelling. In short, the determination of SOC stocks
requires measurements of bulk density, gravel content and SOC concentration in different
depths. Careful, repeated field sampling followed by laboratory analysis following
standardized and procedural guidelines are, however, necessary for accurate reporting
and verification. Traditional analysis methods are often time consuming, so more recent
methods, such as Visible-Near-Infrared (vis—NIR) Spectroscopy for SOC determination
and Active Gamma-Ray Attenuation for bulk density can be relevant for some studies.
However, gravel content may still require (wet) sieving (England and Viscarra Rossel
2018). For remote sensing eddy covariance is a costy application useful for measuring
respiration and carbon fluxes, providing insights into regional SOC sequestration when
used in combination with simulation modelling (Zeng et al. 2020). There is a challenge in
developing cost effective methods for detecting changes in SOC resulting from changes
in management etc., but several direct field applicable methodologies exist, such as
laser-induced breakdown spectroscopy (LIBS) (Cremers et al. 2001), inelastic neutron
scattering (Wielopolski et al. 2000), Mid-Infrared and Near-Infrared Diffuse Reflectance
Spectroscopy (McCarty et al. 2002).

Existing soil monitoring networks in Europe are inadequate for comprehensive SOC
accounting. They often lack biological and physical parameters, focusing predominantly
on chemical attributes, which limits their ability to assess soil functions comprehensively
(van Leeuwen etal. 2017). There is a lack of standardized methods and comprehensive
datasets, particularly for agricultural soils. This results in inconsistent data across different
regions and countries, (Rodrigues et al. 2021), making it difficult to compare and
integrate findings at a European scale (Lugato et al. 2014). Efforts to model SOC stocks
are ongoing, but these models often require improvements to account for regional
environmental factors and land-use changes accurately (Rial et al. 2017). The impact of
environmental factors such as climate, soil pH, and land cover on SOC storage is not fully
understood, necessitating more localized and specific models (Prechtel et al. 2009, Rial
etal. 2017).

The investigation has identified following bottlenecks

(i) Lack of long-term datasets, standardized sampling protocols, and harmonized data
across regions, prevents accurate, comparable SOC assessments across Europe,
limiting the reliability of MRV systems.
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(ii) Traditional SOC measurement methods are time-consuming, and newer technologies
(e.g., vis—NIR, LIBS, neutron scattering) are underutilized or costly and this slows down
large-scale, cost-effective SOC monitoring and reduces the feasibility of frequent updates

(iii) SOC models often fail to account for key environmental variables like climate, soil pH,
and land cover, reducing the accuracy of SOC predictions and limits the ability to tailor
management strategies to local conditions.

(iv) Existing monitoring networks focus mainly on chemical properties and lack biological
and physical indicators, limiting comprehensive understanding of soil functions and their
role in SOC dynamics, weakening the foundation for effective MRV and land-use policy.

Suggested actions include

(i) Develop unified protocols and long-term monitoring programs across Europe.
(ii) Create open-access databases to integrate data across regions and land uses.
(iii) Support the development and field use of rapid SOC assessment tools.

(iv) Provide technical training for researchers and land managers in modern SOC
methods.

(v) Refine models to include climate, soil pH, and land cover for better regional accuracy.

(vi) Integrate biological and physical indicators into existing networks for holistic SOC
assessment.

Knowledge gap 5: SOC in circular bioeconomy, LCA

The investigation has identified following knowledge development gap

The effects of organic residues on soil carbon processes and ecosystem services are not
fully understood, while potential risks from pollutants, microplastics, and unregulated
toxic compounds raise concerns about soil health and safety.

In a sustainable bioeconomy, recycling of nutrients from organic residues is imperative
(Hellsmark et al. 2016, Sawatdeenarunat et al. 2016). The circular economy emphasizes
maximizing resource reuse and minimizing waste, which directly influences soil
management. Efficient soil and land management are essential for the circular economy
to function effectively, as soils play a critical role in food production, water filtration, and
carbon storage (Breure et al. 2018). There is a huge diversity in organic residues
depending on their origin and the type of process involved in their production. Hence, itis
essential to distinguish between organic wastes, residues, and processed products like
compost and digestate. Certified compost and digestate, produced through regulated
biological processes, are no longer considered waste but valuable soil amendments
under EU law, provided they meet strict quality and safety standards (Regulation (EU)
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2019/1009 2019). Application of organic residues as soil amendment and fertilizer to
agricultural land gives the opportunity of recovering the nutrients, primarily N and P, and
of potentially improving soil quality by adding organic matter. The European Union's new
Soil Strategy for 2030 aligns with the circular economy by setting a framework for
protecting and restoring soils, however, only materials that comply with legal thresholds
can and should be used in agriculture; those exceeding limits remain classified as waste.
Harmonized quality standards and proper life cycle assessments are crucial to ensure
their safe and effective use. This strategy also covers sustainable waste management
(Panagiotakis and Dermatas 2022). The circular economy principles are integrated into
broader environmental strategies, such as the European Green Deal. The European
Union promotes the use of organic inputs on arable land to maintain or increase SOM,
particularly in carbon-depleted soils. This is part of broader strategies to offset
greenhouse gas emissions and ensure soil protection across member states (Marmo
2008).

Long-term application of organic amendments, such as compost and sludge, can
significantly increase SOC contents. Studies also show that the repeated application of
organic residues enhances soil biological functions, including microbial biomass carbon
and enzymatic activity, which are crucial for maintaining healthy soil ecosystems (e.g.
Diacono and Montemurro 2010). Regular addition of composted organic residues, for
instance, improves soil physical properties, such as aggregate stability and bulk density,
and enhances soil fertility, increased crop yields and improved crop quality without
reducing yield quality (Agegnehu et al. 2016).

However, organic residues may also increase greenhouse gas production through the
input of microbial substrates and increased mineralization of N. Pyrolyzing residual
biomass for biochar application to soil is the main method for C sequestration in soils,
that also has clear positive effects on reducing N,O emissions form soils (Guenet et al.
2021) . The soil plays a key role in a circular economy and sustainable society, but there
is significant lack of knowledge concerning safe and energy-efficient recycling of organic
residues in soil, and its impact on SOC stocks and soil health.

Policies often prioritize meeting crop N and P demands. Strict environmental regulations
govern the use of organic residues in agriculture, with a particular focus on the treatment
of animal manure and the management of farm nutrient balances. These regulations are
designed to prevent environmental contamination and promote sustainable waste
management practices (Lourenzi et al. 2021, Westerman and Bicudo 2005). Mixed
municipal solid waste compost is no longer going to be representative for compost and
digestate practices in the EU due to the obligation to separately collect bio-waste.
However, persistent contaminants such as PFAS, and biochar containing heavy metals
(Sgrmo etal.2024) can still be introduced, highlighting the need for careful monitoring,
regulation, and ongoing research to safeguard soil health and food safety. Finally,
composts and sewage sludge may contain significat amounts of microplastic fragments,
depending on the origin of the material (Boctor et al. 2025). Hence, the use of organic
residues for nutrient recycling and C addition is challenging, as we should not make use
of organic residues if they transfer contaminants, pathogenic organisms, and unwanted
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plant species such as weeds to healthy soils. While circular economy principles
emphasize resource efficiency, their direct influence on SOC stocks remains an area of
study.

It would therefore be important that organic amendments, such as compost and digestate,
intended for agricultural use, are consistently produced through improved and traceable
waste management practices, ensuring compliance with the criteria set out in the EU
Fertilizing Products Regulation (Regulation (EU) 2019/1009 2019). At the same time, it
would be advisable to further harmonize at the European level the minimum quality
requirements for compost and digestate to facilitate their safe use in agriculture and to
ensure a level playing field across Member States. In order to correctly assess the
intrinsic value of organic amendments such as compost and digestate, as well as their
long-term effects, it is necessary to carry out a proper evaluation of the various ecosystem
services provided by soil. Similarly, to perform a life cycle assessment (LCA) of organic
amendments, the benefits of these products must be correctly estimated and evaluated.
This is particularly true as not all LCA methodologies include emissions from reference
scenario in which no composting takes place.

The investigation has identified following bottlenecks:

(i) Limited understanding of SOC and eosystem impacts, limits accurate prediction of
carbon sequestration potential and informed decision-making on residue use in
sustainable land management.

(ii) Risk of soil contamination from organic residues limits safe application of organic
residues and public trust in recycling practices within the circular economy.

(iii) Lack of harmonized quality standards and traceability limits safe, widespread
adoption of organic amendments and a level playing field for sustainable agriculture.

(iv) Incomplete life cycle assessments (ICA) limits accurate environmental impact
assessments and policy development for circular bioeconomy strategies.

(v) Regulatory prioritize nitrogen and phosphorus management, often overlooking
broader soil health indicators and contaminant risks, hinders comprehensive soil
protection and the integration of organic residue use into long-term soil carbon strategies.

Suggested actions include:

(i) Enhance research on microbial interactions and nutrient cycling in soils with organic
amendments to improve carbon sequestration models and nutrient management
strategies

(ii) Conduct more detailed studies on the effects of organic waste on various soil
organisms to better understand and mitigate potential toxic impacts
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(iii) Develop more precise and comprehensive methods for monitoring soil structure
changes and pollutant levels, including advanced imaging and chemical analysis
techniques.

(iv) Implement better waste management practices that consider the complex interactions
of different waste types and their potential environmental impacts

(v) Increase data collection on soil physical, chemical and biological properties and
promote sharing of findings to build a more comprehensive understanding of the effects
of organic residue applications

(vi) Revising policies to account for the complex interactions of organic waste
components and their long-term effects on soil health and ecosystem stability is ¢ rucial.

Knowledge gap 6: SOC and Agronomic system approach

The investigation has identified following knowledge development gaps

There are several knowledge gaps on various aspects of agronomic practices for
managing soil organic carbon stocks in agricultural soils, and long-term field experiments
trying to elucidate the effect of different soil management practices on soil carbon stocks
need long-term perspectives (and appropriate financing possibilities)

Sustainable food production requires increasing the productivity and efficiency of land,
water, and other inputs while reducing the environmental impact and greenhouse gas
emissions of agriculture. Adopting regenarative agricultural practices, such as reduced
tillage, crop rotation, cover crops, and intercropping, can enhance SOC storage and
restore soil quality, thereby strengthening long-term food security. However, the
production benefits may not be apparentin the short or medium term.

Growing cover crops where soil would otherwise be bare has many benefits, including
decreased NOg3- leaching over winter and reduced soil erosion. However, their role in
increasing SOC may have limitations in many European situations. Where cover crops
can be grown, they may lead to some increase in SOC, though the magnitude may be
less than often assumed. For example, a recent review calls into question the often-
quoted view that cover crops can increase SOC by about 0.3 tC/halyr; see Chaplot and
Smith (2023). Additionally, cover crops may contribute to increased nitrous oxide
emissions due to the accumulation of organic nitrogen in the increased stock of soil
organic matter (Guenetetal. 2021, Lugato et al. 2018).

The effects of tillage practices on SOC at different soil depths are not uniform and depend
on various factors, such as soil type, climate, crop type, tillage practices (e.g. no tillage to
high intensity, (Haddaway et al. 2017), tillage frequency and bulk density (Fornara and
Higgins 2022). For example, a review of 351 studies from warm temperate and snow
climate zones, found that SOC was significantly higher in no tillage soils compared to
high intensity systems in the upper 30 cm soil layers, but no effect was found in the full
soil profile. The higher SOC in the top layer in no tillage systems, however, may provide
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resilience to extreme weather conditions though (Haddaway et al. 2017). A recent study
from a mediterranean climate, showed among other findings, that tilled wheat had
greatest soil C stabilization at intermediate depts (30-60 cm), whereas no-tilled wheat
had highest carbon stabilization and microbial biomass in the top-soil (0-30 cm) (Taylor et
al. 2024). The increased SOC stabilization in topsoil was connected to better plant growth
at no-tillage in Mediterranean (rather dry) climates. A study by Fornara and Higgins
(2022) of 500 grassland fields in Northern Ireland, UK, showed that C and N stocks (mg/
ha) in the top 30 cm were not affected by frequency of tillage + reseeding, as differences
in bulk density levels out the stock variation. Additionally, the risk of dissolved reactive
phosphorus losses increases in no-till fields. The overall impact on water quality depends
on the extent to which particulate phosphorus losses are reduced, and the proportion of
that particle-bound phosphorus that becomes bioavailable once it enters surface waters
(Daryanto etal. 2017, Iho etal. 2023)

Crop rotation is an important aspect of farming systems, but according to Land et al.
(2017) there are not many comprehensive studies designed to unravel the effect of crop
rotation on SOC stocks. Calculations indicate that perennial forages can increase below-
ground SOC more than the common crops, especially if crop residues are not returned, or
if the perennial forages are discontinued (Bolinder et al. 2012, Bolinder et al. 2007, Land
et al. 2017). Perennial crop seems to increase the C storage and flux, more strongly in
shallow soil (0-15 cm) compared to deeper soil layers (15-30 cm) (Means et al. 2022) in
comparison to annual monoculture crop.

The investigation has identified following bottlenecks:

(i) Insufficient knowledge of how different soil management strategies affect SOC
sequestration, greenhouse gas emissions, and nutrient leaching, hinders development of
integrated practices that balance productivity with environmental sustainability.

(ii) Lack of comprehensive and harmonized data on soil carbon stocks, degradation, and
fertility across regions, hinders accurate assessment of soil conditions and targeted
improvement strategies.

(iii) Limited empirical evidence on how specific agronomic practices influence SOC levels
over time, limits effective evidence-based recommendations for sustainable farming
systems.

(iv) Weak communication channels and limited collaboration between researchers,
policymakers, and land managers, limits adoption and scaling of effective soil carbon
management practices.

(v) Absence of consistent methods for measuring and comparing SOC outcomes across
studies and regions, hinders cross-comparison, policy alignment, and coordinated action
at national and EU levels.
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Suggested actions include:

(i) More experimental research is needed to study the impact of pedoclimatic conditions
and long-term dynamics of SMS on SOC and emissions

(ii) Developing models and monitoring programs to better understand soil processes is
crucial

(iii) Increase awareness among stakeholders about the importance of SOC and
sustainable soil management practices

(iv) Enhance the role of intermediaries who can effectively communicate research
findings to practitioners and policymakers

(v) Align research activities with the needs of land users and ensure that findings are
accessible and applicable

(vi) Introduce financial incentives, such as subsidies and payments for ecosystem
services, to encourage the adoption of sustainable practices, and probably very important

(vii) encourage direct communication among farmers and stakeholders to share
experiences and best practices.

Knowledge gap 7: Urbanisation and SOC

The investigation has identified following knowledge development gaps

There are limited data on SOC storage in urban areas, with high variability across land
uses and regions. The effects of different urbanization pathways on SOC are poorly
understood, and accurate SOC stock estimations and integrations into regional and
national carbon budgets remain challenging

Urbanization is the process of transforming rural areas into urban areas, which can have
various effects on food production and SOC stocks. Urbanization significantly alters land
use patterns, leading to changes in soil properties, and SOC stocks vary widely across
different urban environments (e.g., parks, sealed surfaces, green spaces). Furthermore,
urban soils face unique challenges due to compaction, pollution, and limited space.
Urban systems involve material flows (e.g., waste, organic matter) that impact SOC
dynamics. Thus, integrating soil health and carbon sequestration goals into urban
planning and policies will be challenging. In view of the need for housing increased
populations in many European countries, some loss of agricultural land due to
urbanization seems inevitable. Generally, there is a major conflict of interest between
urbanization and the protection of productive soil. High quality soil for agriculture is a
non-renewable resource since it takes centuries to build up few centimetres of productive
soil. The conversion of agricultural land to urban land is de facto an irreversible process
(Amundson etal. 2015), as new use may decrease the land’s ability and capacity to
supply food and other vital ecosystem services (Tan et al. 2009). Historically, urbanization
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has occurred close to our most productive farmland (Ferrara et al. 2014), and most
remaining farmland is located close to urban settlements. Thus, urban sprawl is
consuming fertile agricultural land for urban use worldwide (Skog and Steinnes 2016).
How to combine increased food production and soil organic matter conservation with
increased urbanization and high pressure on productive agricultural land, i.e.,
multifunctional land use, is a challenge. The EU commission has onset several
strategies, such as the biodiversity long-term plan to protect nature and reverse the
degradation of ecosystems. The strategy aims to put Europe's biodiversity on a path to
recovery by 2030 (Eu comission 2020), to protect and restore soils, and ensure that they
are used sustainably and finally the "science for Environment Policy: No net land take "
future brief, to outline what measures can avoid, reduce or compensate for land take (EU
comission 2016).

The investigation has identified following bottlenecks

(i) SOC stocks vary widely across urban land uses, and the effects of urbanization
pathways on SOC, are poorly understood. This limits accurate assessment and
integration of urban SOC into carbon budgets and climate strategies.

(ii) Urbanization often targets fertile agricultural land, leading to irreversible soil loss and
reduced capacity for food production and carbon storage. This undermines long-term
food security, ecosystem service provision, and sustainable land use planning.

(iii) Soil health and carbon sequestration goals are not systematically incorporated into
urban development policies. This restricts multifunctional land use strategies that balance
housing, food production, and environmental sustainability.

(iv) Urban soils face unique challenges such as compaction, pollution, and limited space,
which affect their ability to store carbon and support ecosystem functions. This limits
effective use of urban green spaces for climate mitigation and biodiversity enhancement.

Suggested actions include:

(i) Implement soil and land-use management practices that enhance SOC stocks and
support ecosystem services in urban areas

(i) Increase efforts to collect and analyse SOC data across various urban land uses and
regions to improve accuracy in SOC stock estimations

(iii) Encourage the development of urban green spaces, such as parks and gardens,
which have been shown to retain higher SOC stocks compared to other urban land uses

(iv) Adopt strategies to control urban sprawl and promote resource-efficient land use,
which can help mitigate the negative impacts on SOC stocks
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Knowledge gap 8: Education and awareness raising on SOC

The investigation has identified following knowledge application gap:

The main knowledge gap in Europe concerning the importance of SOC, particularly in
education and awareness, lies in the effective communication and application of existing
research to practitioners and the public. This disconnect limits the adoption of sustainable
soil management practices essential for climate change mitigation and soil health.

Awareness of soil health's importance has grown in recent years. Initiatives like the
PREPSOIL project contribute to the Soil Mission by enhancing knowledge and
awareness of soil needs among stakeholders across Europe. Such projects address the
critical need to educate diverse audiences on the role of soil organic carbon conservation
in sustaining life and natural resources, from individuals to society as a whole. Despite its
significance, soil remains widely under-communicated, including within educational
institutions at all levels. This highlights the clear connection to the eighth mission
objective on soil literacy, which emphasizes both general soil health and the importance
of its carbon stocks.

Soil C storage refers to an increase of soil C stocks, while soil C sequestration implies a
net removal of atmospheric CO,. However, these terms are often used interchangeably or
ambiguously, which can cause confusion and misunderstanding among different
stakeholders and audiences. Recently, Janzen (2024) published an important
adjustment in how we should appreciate SOC, which is easily under communicated in
the discussion about conserving and increasing SOC: Rather than using the term
‘sequestration,” we might instead speak of SOC ‘stewardship,” which captures the full
range of SOC rather than just a narrowly defined ‘stable’ or ‘persistent’ fraction. This shift
in perspective could reshape research questions, for example, is long-term stability
necessary for SOC to effectively store excess atmospheric CO:2? ‘Stewardship’
recognizes the continuous cycling of SOC, emphasizing the need to manage both stored
carbon and the ongoing flows that sustain ecosystem functions.

Therefore, it is crucial to promote education and awareness not only about soil quality
and health but also about the global benefits of effective SOC management, particularly
in climate change adaptation and sustainable food security. There is a need to improve
fellow citizens, land managers, politicians and policymakers common understanding of
SOC dynamics and its central role. Communicating this has been challenging, partly due
to the complexity of organic C composition and its dynamic behaviour in soil, as well as
its connections to key soil functions such as structure, biodiversity, and elemental cycles
(Chenu etal. 2019).

The knowledge gaps on communicating the role and importance of SOC to society and
its role in providing and sustaining a number of the soil ecosystems, seems to be mostly
related to communication and suitability of soil data management. There is a lack of
comprehensive models and monitoring programs to address the loss of SOC in various
systems, and its importance for water infiltration and reducing soil compaction for
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instance (Thorsge et al. 2023). Moreover, there is a need to clearly differentiate between
SOC storage and sequestration, as they have different implications for climate change
adaptation and mitigation (Chenu et al. 2019, Janzen 2024), and stakeholders have
varying perceptions of soil quality and functions, indicating a need for regionally relevant
advice and credible information on sustainable management practices (Bampa et al.
2019).

The investigation has identified following bottlenecks

(i) Existing SOC knowledge is not effectively communicated or applied by practitioners
and the public. This limits the adoption of sustainable soil management practices and
climate mitigation strategies.

(ii) SOC and soil health are underrepresented in education and public discourse. This
weakens societal understanding of soil’s role in climate adaptation, food security, and
ecosystem services.

(iii) Terms like “SOC storage” and “sequestration” are often used interchangeably,
leading to misunderstanding. This creates confusion in communication, policy
development, and alignment of research and management goals.

(iv) Stakeholders have diverse perceptions of soil quality, and there is limited access to
tailored, trustworthy information. This reduces the effectiveness decision-making and
adoption of context-specific sustainable practices.

(v) There is a lack of comprehensive models and monitoring systems to track SOC loss
and its impact on soil functions. This undermines evidence-based policy, long-term
planning, and evaluation of soil management outcomes

Suggested actions include:

(i) Enhancing the role of intermediaries who can translate scientific findings into practical
advice for land users,

(ii) Encouraging communication among farmers and stakeholders to share best practices
and experiences,

(iii) Providing tailored advice and information that considers local environmental and
socio-economic conditions,

(iv) Raising awareness about the importance of SOC and strengthening educational
programs are essential. This includes providing credible information and locally relevant
advice to stakeholders,

(v) Funding for applied research, and support for training programs can encourage the
adoption of sustainable practice.
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Knowledge gap 9: Forest management and SOC

The investigation has identified following knowledge development gap:

The main research gap in forest SOC management is understanding how different
practices impact SOC stocks and interact with environmental factors like climate change.
Addressing this requires site-specific studies, large dataset integration, and
comprehensive management frameworks.

Forest soils store almost half of the total organic C in terrestrial ecosystems, and forest
management practices can influence the rates of input or release of C from soils (Mayer
etal. 2020, Makipaa et al. 2023, Ontl et al. 2020). An important factor for soil C stocks, for
Europe and globally, is to maintain existing forest cover and avoid its removal or
degradation. Forest management can have various objectives, such as timber
production, biodiversity conservation, recreation, C sequestration, and other ecosystem
services. ltis, however, likely that, in many forest situations, the main societal goal will be
habitat for wildlife with managements being tailored for different species in different
situations. Forest management require thus a holistic approach serving several
ecosystem services other than simply exploring its potential in storing soil C.
Consideration of C stocks will thus be a secondary factor. Many factors influence the
interactions between forest management and SOC stocks, such as forest type,
disturbance, soil type, climate, time (Ahmed et al. 2012, Jandl et al. 2021) and the carbon
use efficiency (CUE; Qiao et al. 2019, Tao et al. 2023). Boosting SOC stocks addresses
several key questions and considerations. Clear-cutting in Nordic and Canadian forests
leads to a significant, decadal decline in forest floor SOC (Johannesson et al. 2025). This
decline persists for many years after harvesting, highlighting a long-term impact of clear-
cutting on forest soil carbon storage. The decline is most pronounced in the organic layer
(forest floor), while the mineral soil shows little to no significant change in SOC stocks.
The loss of SOC is attributed to increased decomposition rates and reduced litter input
following the removal of trees. SOC in the forest floor may begin to recover several
decades after clear-cutting, but full recovery to pre-harvest levels can take 30-50 years or
more (Clarke etal.2021).

Several studies underscore the need for sustainable management practices and
innovative solutions to meet the growing demand for timber and forest waste as
bioenergy in the context of climate change. The demand for wood-based energy is
expected to increase, but the C impacts of forest bioenergy are uncertain (Giuntoli et al.
2020). Forest residues can also be used for biochar production, with substantial climate
benefits even after all environmental costs associated with production and application
are discounted through life cycle analysis (Tisserant et al. 2022). This is further
complicated by the potential effects of climate change and air pollution on forest
productivity and C sequestration (Matyssek et al. 2012). The removal of forest residues
for bioenergy could also have negative consequences for how forest systems provide
and sustain their ecosystem services (Clark 2012).
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There is a need for advanced modelling techniques like boosted regression trees (BRT)
and other machine learning models can improve SOC stock estimates by identifying key
predictors such as groundwater level, clay fraction, and tree genus (Ottoy et al. 2017). In
addition geostatistical models, using climate and land cover data, that can predict current
and future SOC stocks, providing insights into how SOC might change under different
climate scenarios (Yigini and Panagos 2016). And simulation models which are used to
simulate SOC stocks and changes, offering a way to assess the impact of land use and
climate change on SOC (Hernandez et al. 2017). Complementary to this, future climate
scenarios suggest varying impacts on SOC stocks, with potential increases or decreases
depending on the region and forest type. Models should be developed to predict an
overall increase in SOC stocks in Europe by 2050 under various climate scenarios (Yigini
and Panagos 2016). Advancing SOC research and management through modelling,
forest practice analysis, and climate adaptation can improve implementation, leading to
better predictions and conservation strategies in European forests.

The investigation has identified following bottlenecks

(i) Forest management often prioritizes biodiversity, timber, or recreation over soil carbon
storage, and SOC is frequently treated as a secondary consideration. This limits the
integration of SOC conservation into forest policy and practice, reducing the potential for
forests to contribute to climate mitigation.

(ii) Practices like clear-cutting and residue removal for bioenergy can lead to long-term
SOC losses, especially in the forest floor layer. This limits the long-term stability of forest
soil carbon stocks and the sustainability of bioenergy strategies.

(iii) Despite the availability of advanced modelling tools (e.g., machine learning,
geostatistics, simulation models), they are underutilized in forest SOC assessments. This
limits accurate prediction of SOC changes under different management and climate
scenarios, hindering informed decision-making and adaptive forest planning.

Suggested actions include:

(i) Utilize large observational databases and meta-analyses can help synthesize existing
data and provide a clearer picture of SOC dynamics across different regions and
management practices.

(ii) Creating comprehensive classifications and thesauri, like DATA4C+, can help
standardize the description of management practices and improve the quality of meta-
analyses, aiding in the identification of effective SOC management strategies.

(iii) Research should prioritize understanding how climate change scenarios affect SOC,
as these changes pose significant risks to SOC stocks, particularly in temperate forests.



Outlook on the knowledge gaps to conserve and increase soil organic carbon ... 29

Knowledge gap 10: EU footprints of soil carbon outside Europe

The investigation has identified following knowledge development gap:

The main gap in understanding European impacts on global SOC stocks is the lack of
comprehensive monitoring of how European consumption and land use affect SOC
worldwide. This is compounded by insufficient data on environmental factors influencing
SOC storage and the effects of trade and consumption patterns outside Europe.

The import of food and fiber into Europe has a complex and varied impact on SOC stocks
in soils outside of Europe. Frank et al. (2015) found that changes in SOC stocks depend
on management regime and environmental factors, with a potential for carbon
sequestration in European cropland. However, if C sequestration as opposed to food
production is prioritized in Europe, this would lead to increased imports of food. Much
being likely to be grown on recently cleared land elsewhere in the world with the
resulting loss of SOC, and increased CO emissions, in those regions. For instance, if
organic farming increases, this may come at the expense of SOC loss at another site
(Gaudaré etal. 2023). To improve our understanding of SOC stock outside Europe,
standardized estimation methods, comprehensive data sets, and accurate mapping
techniques is needed (Aksoy et al. 2016, Lorenz et al. 2019, Lugato et al. 2018,
Wiesmeier etal. 2012).

There is a need for improved methodologies to monitor and identify environmental factors
that control SOC storage, as current models often rely on geographically non-stationary
processes that vary by location (Rial et al. 2017). And the role of European consumption
in driving SOC changes outside Europe is not well understood, particularly how trade
and consumption patterns contribute to SOC losses in other regions (Wilting et al. 2021).
Addressing knowledge gaps on European impacts on global SOC stocks requires
improved monitoring, policy integration, and data standardization to better understand
SOC dynamics and reduce the effects of European consumption on global soil C.

The investigation has identified following bottlenecks

(i) Prioritizing carbon sequestration in Europe may lead to increased food and fiber
imports from regions where land is cleared for agriculture, causing SOC loss and CO2
emissions abroad. As a result, the global climate benefits of European SOC strategies
may be undermined, shifting environmental burdens to other regions.

(i) There is a shortage of standardized methods, comprehensive datasets, and accurate
mapping techniques for assessing SOC stocks outside Europe. This gap hampers
reliable global assessments of SOC dynamics and weakens the ability to track the
external impacts of European consumption.

(iii) The role of European trade and consumption in driving SOC changes in other regions
is not well understood. This lack of insight constrains informed policymaking and the
integration of global SOC considerations into European sustainability and trade
strategies.
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The actions include:

(i) Enhance the integration of research findings into policymaking to address the impacts
of European consumption on global SOC stocks. This includes considering trade impacts
in national and regional policies

(ii) Promote standardization in SOC measurement and data sharing across countries to
improve the accuracy of SOC assessments and facilitate better policy decisions

(iii) Implement incentives for sustainable soil management practices that enhance SOC
sequestration, such as carbon credits and other financial mechanisms

Summarisation of prioritized knowledge gaps

An overview table of the prioritized knowledge gaps, their sector impact, bottlenecks and
suggested actions can be found under Suppl. material 1
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