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Abstract: Effective national strategies must be carefully planned in advance to position the
land sector as a pivotal contributor to achieving the 2050 climate neutrality target set by
the European Union (EU) under the Paris Agreement. Governments define their pathways
to achieve the climate goals through the long-term low emission development strategies
(LTSs), which describe policies and measures for a just and socially fair transition to low
greenhouse gas. This paper explores the natural climate solutions foreseen by the available
twenty-five LTSs in the EU to assess each country’s use and potential of land mitigation.
Subsequently, it evaluates if better planning is possible to increase carbon storage and
reduce greenhouse gas emissions. We found that most of the analyzed twenty-five EU
countries envisage a wide set of natural climate solutions, demonstrating an understand
of importance of land policies and measures to meet their climate targets. Sustainable
forest management, agroforestry, and healthy and sustainable diets emerge as solutions
mostly reported and with the largest mitigation potential across the EU, albeit with large
variability among countries. However, some countries could further harness the potential
for mitigation in the land sector. This study highlights how some countries could improve
their LTSs, accounting for their specific land mitigation potential.

Keywords: agriculture forestry and other land uses; long-term strategy; natural climate
solutions; agroforestry; climate neutrality

1. Introduction
In 2021, the European agricultural emissions were about 378 Mt CO2eq and the land-

use, land-use change and forestry (LULUCF) sector resulted in a net sink of −230 Mt CO2eq,
accounting, respectively, for 10.9% and 6.6% of the total European Union (EU) emissions [1].
Considering the period from 2010 to 2020, on average, about 17.5% of the total EU emissions
are attributable to the land sector (agriculture and LULUCF) [1]. To achieve the climate
neutrality objective by 2050, the EU has established to act jointly, bringing together a
common vision, resources, financing and regulatory regimes to implement coherent policy
actions across all its member states. In this sense, the European Climate Law set the target
to reduce net greenhouse gas (GHG) emissions by at least 55% by 2030. This intermediate
target is part of the general trajectory defined by the EU Green Deal, towards climate
neutrality goal to be achieved by 2050 [2]. Urgent actions are needed to make the land
sector contribute to the ambitious EU climate targets. Acting quickly is key, as well as
the identification of the most effective natural climate solutions, especially in the land
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sector, that will provide an optimal trade-off between climate change mitigation and
other services.

Currently, land-based carbon removals are the only operational action promptly
available to compensate for hard-to-abate residual emissions, besides technical solutions
such as direct air capture and storage technologies, still under development at scale [3].
Therefore, natural climate solutions, which largely overlap with the terms “land-based
solutions” and “land-based response option” [4–6], play a key role in climate change
mitigation and adaptation [3,7] and encompass land use and land management actions
that conserve, restore, and increase carbon storage and/or reduce GHG emissions across
forests, wetlands, grasslands, and agricultural lands. The EU largely relies on the LULUCF
sector to counterbalance residual hard-to-abate emissions, and the LULUCF sink would be
required to nearly double to achieve the desired net removal of 425 Mt CO2eq needed to
achieve climate neutrality by 2050 [8].

EU countries are required to develop national long-term strategies (LTS)—sometimes
called long-term low greenhouse gas emission development strategies or mid-century
strategies—as determined by Article 4.19 of the Paris Agreement, in which they must
describe how they plan to meet the long-term goal of the Paris Agreement and the EU
climate goals [9]. Commonly, LTSs deal with mitigation; however, countries can add other
relevant aspects, such as adaptation and SDGs. The EU Regulation on the governance
of the energy union and climate action [10] highlights the importance for the LTSs to
cover, with a perspective of at least 30 years, the total GHG emission reductions and
the enhancements of removals by sinks for the relevant sectors (e.g., electricity, industry,
transport, agriculture, and LULUCF). In order to have a coherent framework among the
EU objectives and targets and the single states pledges, the EU Commission provides
technical and scientific support to countries and possibly integrates the strategies with
additional information. Finally, the EU Commission evaluates the national LTS, framing
them in the broader context of EU objectives and targets, and provides information on any
remaining collective gap. Whenever necessary, the countries can modify the submitted
version, for example, expressing new policies, clarifying existing ones, and improving the
planned solutions.

The aim of this study is to examine the natural climate solutions foreseen by EU
member states in the land sector in their LTSs and to assess whether the mitigation potential
of the solutions, as reported in the literature, is well utilized, thus evaluating if a better
planning of solutions is possible to increase carbon storage and reduce GHG emissions.

2. Materials and Methods
We analyzed all the available LTS reports submitted by EU member states and col-

lected from each one the proposed natural climate solutions for climate change mitigation
and adaptation. We only collected natural climate solutions from countries that provided
an explanation on either how they could be implemented or their expected potential benefit
through specific actions or objectives. Therefore, we collected all the solutions excluding
statements of general objectives, for example, “promote sustainable agriculture”. Since the
LTSs do not include quantitative or qualitative estimates of the mitigation potential achiev-
able through the proposed activities, we quantified the mitigation potential achievable for
each proposed natural climate solution based on the existing literature.

Recent studies have assessed natural climate mitigation potential globally, providing
aggregated [11] and disaggregated [12] estimates up to 2030 and 2050. Other studies
also provide the mitigation potential for specific land categories in Europe or in some
European countries. For example, Yigini and Panagos [13] predicted the current soil
organic carbon stocks and projected such prediction to 2050 for Europe, indicating an
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overall increase in consequence of changes in land cover and climate. Another study, by
Chapman et al. [14], provided current and potential aboveground woody carbon storage in
agricultural systems by countries, finding that there is a significant potential to contribute
to nationally determined contributions (NDCs); however, their analysis conservatively
accounts for aboveground biomass only. Several other studies analyze the future land
mitigation contribution for single countries, taking into consideration different management
practices [15–17].

There are numerous studies like those already mentioned; however, the available esti-
mates vary rather widely, depending on the methodology, data sources, definitions, system
boundaries, and scenario assumptions used. Therefore, a straightforward comparison of
estimates from different studies may not be applicable. Furthermore, studies often have
specific objectives, thus only covering some carbon pools, products (e.g., wood and food),
and functions (e.g., material and energy substitution effect). In this study we took into
consideration the natural climate mitigation potential provided by Roe et al. [18], which is
a comprehensive and updated assessment of natural climate mitigation potential built on
previous studies and including several advances beyond these, such as the inclusion of a
wider set of solutions at the country level, attempting to avoid potential double-counting
of mitigation opportunities. Their estimates concur with previous analysis [4,19–21].

The solutions collected in the LTSs were compared and associated with the natural
climate measures defined in the study by Roe et al. [18], which provides a quantitative
estimate of the annual mitigation potential (in CO2eq) achievable for each EU country for a
set of twenty solutions from 2020 to 2050 (Supplementary Materials). With respect to those
twenty solutions, we excluded the following five, which are not relevant for the European
context and for which they have no data available for the EU: reduce deforestation, reduce
mangrove loss, manage grassland fire, restore mangroves, increase clean cookstoves. Im-
proved rice cultivation was not considered since the mitigation potential is negligible [1].
We also excluded “bioenergy with carbon capture and storage” (BE-CCS) because although
it is presented as a single aggregated value, bioenergy largely overlaps with afforestation,
reforestation, and biomass plantations, while other existing CCS solutions have minor
impacts on land [4,22]. A brief definition for each solution is provided in Appendix A.
Roe et al. [18] derived the estimates of the mitigation potential from individual and/or
sectoral studies and datasets that use a range of methods, including sectoral economic
modeling, optimization modeling, and spatial analysis. However, the successful implemen-
tation of the solutions depends on country-specific enabling conditions and barriers (e.g.,
available funding, socio-cultural context, environmental conditions) that were not taken
into account. Moreover, Roe et al. [18] did not consider the substitution effects of bioenergy,
biochar, and wood products on fossil fuel emissions due to a lack of country-level data.
They estimated two types of mitigation potential: the “technical” potential—possible with
available technology, regardless of the cost—and the “cost-effective” economic potential—
possible up to EUR 100/t CO2eq.

Calculation of the Mitigation Potential Score

We took into consideration the “technical” potential as a metric for the definition of
a qualitative score (i.e., categorical and ordinal score) of the mitigation potential deriving
from the implementation of the natural climate solutions. Therefore, we converted the
quantitative estimates provided by Roe et al. into a 5-score classification system, where
one [+] indicates very low or negligible, [++] low, [+++] moderate, [++++] high, and
[+++++] very high mitigation potential for each EU country. The conversion was performed
by assigning the highest score to the natural climate solution with the highest value of
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mitigation potential, and accordingly, we calculated all the other scores proportionally. The
following formula was used to calculate the mitigation potential score of each solution:

MPscore ic = MP ic/MaxMPc,

where MPscore ic is the mitigation potential score for a specific country C of a solution i,
MP ic is the mitigation potential (in CO2eq yr−1) and MaxMPc is the value (in CO2eq yr−1)
of the solution with the highest mitigation potential for a country C. The formula returns
five possible values from 0, corresponding to [+], to 4, corresponding to [+++++]. In this
way, a score reflecting the relative mitigation potential was assigned to each solution for a
specific country. We calculated the scores of both the solutions envisaged in the LTS and
those that were not mentioned to highlight if the LTS included all natural climate solutions
with large mitigation potential or not.

3. Results
We collected and analyzed the 25 available LTSs from the EU Commission [23] and

the UNFCCC [24] (updated January 2024). The majority of member states submitted it in
English, while 25% used the national language and provided an English summary. LTS
reports often vary considerably from one country to another, both in content and format;
for example, not all provide details on the contribution of each sector in the achievement of
their national long-term target. To organize the data in a systematic and comparable way,
the next three sections present the natural climate solutions divided into three mitigation
categories: forests and other ecosystems, agriculture, and demand side.

3.1. Natural Climate Mitigation Potential in EU

While some countries have identified many natural climate solutions, especially affect-
ing land, that have a relatively large mitigation potential at the national level, other coun-
tries have planned less effective solutions considering their national potential (Figure 1).
The mitigation potential score is a categorical indicator that reflects the extent to which
a country has planned to employ its own mitigation potential, rather than an absolute
measure of emissions reductions. This score does not directly translate into absolute emis-
sion reductions, as it reflects only the level of alignment between planned measures and
the country’s estimated potential rather than actual mitigation outcomes. Based on our
assessment, the countries that least harness their land mitigation potential are Greece and
Denmark. In fact, Denmark does not define the role of LULUCF in relation to the 2030
and 2050 targets, and Greece does not include any information on LULUCF. Finland is
one of the poorest countries at harnessing the mitigation potential through natural climate
solutions. Nonetheless, this does not imply a lower contribution to GHG mitigation in
absolute terms (i.e., tons of CO2eq) compared to other countries. As the mitigation potential
score is relative to each country, it is not possible to compare them in terms of contribution
to reaching the climate target.
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The mitigation category “Forests and other ecosystems” includes three classes: resto-
ration, management, and protection (Table 1). Results show that the mitigation potential 
of forest management is very large, and over 70% of the countries intend to utilize forests 
through a management aimed at increasing carbon sequestration. Austria, Slovakia, and 
Sweden, which are likely aware of the very high relative contribution that forests can pro-
vide in their specific context, consider forest management in their LTSs. Denmark does 
not mention forest management and does not clearly define the role of LULUCF in relation 
to the 2030 and 2050 targets in its LTS, although it has a very high mitigation potential. 
Cyprus, Ireland, Italy, Malta, and the Netherlands, where forest management would pro-
vide a very low or negligible contribution, do not include it in their LTSs. Afforestation 
and reforestation (defined as the shifting from non-forest cover to forest cover at a 30% 
tree cover threshold) are carbon dioxide removal methods that 18 out of 25 countries re-
port in their LTSs; the mitigation potential of these solutions resulted in low in over half 
of the countries, and for the remaining ones the potential is very low or negligible, exclud-
ing the Czech Republic, where it is moderate. 

“Peatland restoration” and “Reduce peatland degradation” (important for their con-
tribution to reducing CO2, CH4, and N2O emissions) are included in 32% and 40% of the 
analyzed LTS reports, respectively; these solutions concern very specific geographical ar-
eas and ecosystems mainly located in Northern Europe. While “Reduce peatland degra-
dation” has very low or negligible potential across all countries, the “Peatland restoration” 
potential varies considerably. Only three North European countries, i.e., Estonia, Ireland, 
and Lithuania, plan to put into practice solutions to restore the original form and function 
of peatland habitats. The other five countries do not consider it, in their LTSs, as a possi-
bility to reduce CO2 emissions, even though the contribution would be high or very high: 
Denmark, Finland, Germany, Latvia, and the Netherlands. 

  

Figure 1. Overview of the mitigation potential of natural climate solutions is utilized by European
Union countries according to the long-term strategies. The mitigation potential score is a categorical
indicator of the climate change mitigation potential relative to a specific country. This figure allows
to evaluate how much of the mitigation potential from land has been planned to be utilized by each
country. Comparisons among countries is not possible, because the mitigation potential score is
specifically relative to single countries.

3.2. Forests and Other Ecosystems

The mitigation category “Forests and other ecosystems” includes three classes: restora-
tion, management, and protection (Table 1). Results show that the mitigation potential of
forest management is very large, and over 70% of the countries intend to utilize forests
through a management aimed at increasing carbon sequestration. Austria, Slovakia, and
Sweden, which are likely aware of the very high relative contribution that forests can
provide in their specific context, consider forest management in their LTSs. Denmark does
not mention forest management and does not clearly define the role of LULUCF in relation
to the 2030 and 2050 targets in its LTS, although it has a very high mitigation potential.
Cyprus, Ireland, Italy, Malta, and the Netherlands, where forest management would pro-
vide a very low or negligible contribution, do not include it in their LTSs. Afforestation
and reforestation (defined as the shifting from non-forest cover to forest cover at a 30% tree
cover threshold) are carbon dioxide removal methods that 18 out of 25 countries report in
their LTSs; the mitigation potential of these solutions resulted in low in over half of the
countries, and for the remaining ones the potential is very low or negligible, excluding the
Czech Republic, where it is moderate.

“Peatland restoration” and “Reduce peatland degradation” (important for their con-
tribution to reducing CO2, CH4, and N2O emissions) are included in 32% and 40% of the
analyzed LTS reports, respectively; these solutions concern very specific geographical areas
and ecosystems mainly located in Northern Europe. While “Reduce peatland degradation”
has very low or negligible potential across all countries, the “Peatland restoration” poten-
tial varies considerably. Only three North European countries, i.e., Estonia, Ireland, and
Lithuania, plan to put into practice solutions to restore the original form and function of
peatland habitats. The other five countries do not consider it, in their LTSs, as a possibil-
ity to reduce CO2 emissions, even though the contribution would be high or very high:
Denmark, Finland, Germany, Latvia, and the Netherlands.
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Table 1. Forests and other ecosystems natural climate solutions envisaged in the LTS.

Mitigation
Classification Restoration Management Protection

Natural Climate
Solution

Afforestation and
Reforestation Peatland Restoration Sustainable Forest

Management
Reduce Peatland

Degradation

Score MtCO2eq
yr−1 Score MtCO2eq

yr−1 Score MtCO2eq
yr−1 Score MtCO2eq

yr−1

Austria ++ 1.7 + 0.0 [+++++] 4.7 + 0.0

Belgium + 0.4 + 0.0 [++] 1.6 [+] 0.0

Bulgaria [+] 0.4 [++] 0.0 [+] 1.6 [+] 0.0

Croatia [++] 1.1 + 0.0 [++] 1.5 + 0.0

Cyprus [+] 0.0 + 0.0 + 0.0 + 0.0

Czech Republic [+++] 2.4 [+] 0.0 [+++] 2.7 + 0.0

Denmark [+] 0.6 ++++ 5.5 +++++ 8.1 [+] 0.0

Estonia + 0.8 [+++++] 12.6 [++] 2.5 [+] 1.1

Finland [+] 3.5 +++++ 44.7 +++ 25.6 [+] 0.0

France [++] 13.4 [+] 4.0 [++] 11.1 [+] 0.4

Germany [++] 5.4 +++++ 36.7 [+++] 17.0 [+] 2.2

Greece ++ 2.5 + 0.0 ++ 2.3 + 0.0

Hungary [+] 1.1 + 1.3 [++] 1.5 + 0.1

Ireland [+] 0.6 [+++++] 11.6 + 1.1 + 0.0

Italy [++] 6.4 + 0.0 + 2.9 + 0.0

Latvia [++] 1.5 +++++ 11.2 [+++] 4.2 + 1.1

Lithuania [++] 1.1 [+++++] 7.7 [++] 1.9 [+] 0.8

Luxembourg + 0.0 + 0.0 [++] 0.1 + 0.0

Malta [+] 0.0 + 0.0 + 0.0 + 0.0

Netherlands [+] 0.2 +++++ 9.1 + 0.5 + 0.1

Portugal [++] 1.6 + 0.0 [+++] 5.0 + 0.0

Slovakia [++] 1.0 [+] 0.0 [+++++] 3.1 [+] 0.0

Slovenia +++ 0.6 + 0.0 [+++] 1.1 + 0.0

Spain [++] 10.4 + 0.2 [++] 11.2 + 0.0

Sweden ++ 5.2 [++] 8.8 [+++++] 28.3 [+] 0.0

Legend: The bold signs in brackets indicate that the natural climate solution is reported in the country’s LTS, while
signs without brackets indicate that the natural climate solution is missing in the country’s LTS. The mitigation
potential is expressed as follows: [+] very low or negligible, [++] low, [+++] moderate, [++++] high, and [+++++]
very high. Absolute values source: Roe et al. [18].

3.3. Agriculture

The mitigation category “agriculture” contains two classes: emission reduction and
carbon sequestration (Table 2). The analyzed LTS reports indicate three natural climate
solutions for emission reduction in agriculture: enteric fermentation reduction, manure
management, and nutrient management. Overall, emissions reduction in agriculture has
relatively modest potential compared to other categories, with the majority of the solutions
having very low or low mitigation potential for most countries. Nonetheless, almost all
countries aim to reduce emissions from enteric fermentation and manure management up
to 2050, which can be achieved by improving feed quality, animal genetics and breeding,
reducing intensive grazing, and promoting animal health. Manure management involves
the incorporation of small-scale or large-scale anaerobic digesters. Solutions to reduce
emissions via nutrient management involve optimized fertilizer application rate, fertilizer
type (organic manures, compost, and mineral), fertilization timing, precision application,
and use of nitrification inhibitors; their mitigation potential is very low, and only Bulgaria,
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Croatia, Finland, Ireland, Lithuania, and Luxembourg report these natural climate solutions
in the LTSs.

Table 2. Agriculture natural climate solutions envisaged in the LTS.

Mitigation
Classification Emissions Reduction Carbon Sequestration

Natural Climate
Solution

Reduce Enteric
Fermentation Manure Management Nutrient Management Soil Carbon Croplands Soil Carbon Grasslands Agroforestry Biochar Application

Score
MtCO2eq

yr−1 Score
MtCO2eq

yr−1 Score
MtCO2eq

yr−1 Score
MtCO2eq

yr−1 Score
MtCO2eq

yr−1 Score
MtCO2eq

yr−1 Score
MtCO2eq

yr−1

Austria [+] 0.5 [+] 0.3 + 0.2 [++] 1.2 [+++] 2.0 +++ 2.7 [+++] 1.9

Belgium [+] 0.6 [++] 0.8 + 0.4 [++] 1.5 [++] 1.1 [++] 1.4 [++] 0.7

Bulgaria [+] 0.6 ++ 0.8 [+] 0.4 ++ 1.5 ++ 1.1 ++ 1.4 ++ 0.7

Croatia [+] 0.2 [+] 0.2 [+] 0.4 [+++] 1.8 [++] 0.9 [+++++] 4.2 [++] 1.7

Cyprus + 0.0 [+] 0.0 + 0.0 + 0.1 + 0.0 [+++++] 0.9 + 0.0

Czech Republic [+] 0.5 [+] 0.2 + 0.3 [++] 1.8 [++] 1.7 +++++ 6.2 [+++] 2.4

Denmark + 0.5 ++ 1.4 + 0.2 +++ 3.2 + 0.2 +++ 4.4 ++ 1.8

Estonia + 0.0 [+] 0.0 + 0.0 + 1.5 + 0.2 ++ 2.0 [+] 0.4

Finland + 0.3 [+] 0.2 [+] 0.4 + 4.0 + 0.2 + 1.3 [+] 0.6

France [+] 4.4 [+] 1.9 + 3.2 ++ 10.7 ++ 7.6 [+] 0.7 [+++] 20.8

Germany [+] 3.2 [+] 3.7 + 3.4 ++ 9.8 ++ 6.7 +++ 22.0 [++] 10.2

Greece + 0.5 + 0.4 + 0.3 ++ 1.3 ++ 1.4 +++++ 7.4 [++] 2.2

Hungary [+] 0.1 [+] 0.2 + 0.2 [++] 1.4 [+] 0.6 +++++ 10.3 [++++] 8.0

Ireland [+] 1.4 + 0.5 [++] 1.6 [+] 0.6 [++] 1.5 [++] 3.6 + 0.3

Italy [+] 1.8 [+] 1.8 + 2.1 [++] 5.9 [+] 3.1 +++++ 28.0 [++] 8.2

Latvia [+] 0.0 [+] 0.0 + 0.0 ++ 2.5 ++ 1.8 ++ 3.0 [+] 0.9

Lithuania [+] 0.0 [+] 0.0 [+] 0.0 [+++] 4.2 [+] 0.9 ++++ 5.0 [++] 1.6

Luxembourg [+] 0.1 [+] 0.0 [+] 0.0 [++] 0.1 ++ 0.1 [++] 0.1 + 0.0

Malta [+] 0.0 [+] 0.0 + 0.0 + 0.0 + 0.0 + 0.0 + 0.0

Netherlands [++] 1.2 [++] 2.9 ++ 1.2 [++] 1.2 [+] 1.1 ++ 2.1 + 0.5

Portugal [+] 0.5 [+] 0.4 + 0.6 + 0.5 + 0.1 +++++ 10.6 [+] 0.6

Slovak Republic [+] 0.0 [+] 0.0 + 0.1 [++] 1.0 [++] 0.6 [+++++] 3.4 [+++] 1.9

Slovenia [+] 0.1 [+] 0.1 + 0.1 [+++] 0.5 [++] 0.2 +++++ 1.3 [++] 0.2

Spain [+] 2.0 [+] 4.5 + 3.3 [+] 5.9 [+] 4.4 [+++++] 78.2 [+] 7.6

Sweden [+] 0.4 [+] 0.1 + 0.4 ++ 4.4 + 1.8 ++ 4.1 [+] 1.1

Legend: The bold signs in brackets indicate that the natural climate solution is reported in the country’s LTS, while
signs without brackets indicate that the natural climate solution is missing in the country’s LTS. The mitigation
potential is expressed as follows: [+] very low or negligible, [++] low, [+++] moderate, [++++] high, and [+++++]
very high. Absolute values source: Roe et al. [18].

Increasing carbon sequestration by the application of biochar derived from crop
residues is not reported by any country, even though it can have a moderate or high
potential in five of them. Agroforestry has the largest potential to reduce emissions and
increase removals among the agricultural solutions in all countries, but only eight included
it in their LTSs. Seven countries that could rely on high and very high mitigation potential
do not consider it in their strategies. At the same time, agroforestry is the approach with the
most diverse potential, based on the country of implementation: the mitigation potential
in many North European countries results being very low and low, while it is very high
in some central-west and southern countries. Finally, increasing soil carbon in cropland
and grassland may provide a low or moderate contribution to carbon sequestration. These
solutions may include a shift to no-till management or to a management of grasslands
that reduces grazing pressure or, for rangelands, avoiding land degradation practices and
promoting nominally managed areas; thirteen out of twenty-five countries considered these
natural climate solutions in the LTSs.

3.4. Demand Side

The mitigation category “demand side” includes two natural climate solutions: food
waste reduction and healthy diets (Table 3). In particular, promoting healthy diets involves
reducing food over-consumption, limiting meat-based protein consumption, and purchas-
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ing locally produced food. This category covers solutions for influencing the demand for
goods and/or services. In the land sector, demand-side management aims at reducing
the demand for products with large carbon footprints and environmental impacts. The
collected demand-side solutions present relatively high mitigation potential compared to
most of the other natural climate solutions. This is acknowledged by the vast majority
of countries, which present and describe these methods in their LTSs. Promoting healthy
diets is the most impactful solution in this class, and all countries, excluding Bulgaria
and Cyprus, consider it necessary to reach carbon emission targets in 2030 and 2050, even
though its contribution differs substantially among countries. It represents a range of
dietary changes to improve human diets, to make them healthy in terms of the nutrition
delivered, and also sustainable from the economic, social, and environmental perspectives.
Two-thirds of reporting countries propose a reduction of food waste in their LTS; carbon
benefits that can derive from a reduction in food waste vary substantially among countries.

Table 3. Demand side natural climate solutions envisaged in the LTS.

Mitigation Classification Demand Side

Natural Climate Solution Food Waste Reduction Healthy Diets

Score MtCO2eq yr−1 Score MtCO2eq yr−1

Austria [++] 1.6 [+++++] 4.2

Belgium [+++] 2.1 [+++++] 5.6

Bulgaria +++ 2.1 +++++ 5.6

Croatia [++] 0.6 [++] 1.5

Cyprus ++ 0.1 +++ 0.4

Czech Republic [+] 0.6 [++] 1.6

Denmark [++] 1.3 [+++] 3.5

Estonia + 0.2 [+] 0.5

Finland + 1.2 [+] 3.3

France [+++] 14.9 [+++++] 39.1

Germany [++] 11.9 [++++] 31.4

Greece ++ 1.7 [+++] 4.5

Hungary [+] 0.9 [++] 2.5

Ireland [+] 1.3 [++] 3.5

Italy +++ 11.3 [+++++] 29.7

Latvia + 0.2 [+] 0.6

Lithuania [+] 0.4 [++] 1.0

Luxembourg [+++] 0.2 [+++++] 0.6

Malta [+] 0.1 [+++++] 0.2

Netherlands [+++] 3.4 [+++++] 9.1

Portugal [++] 2.0 [+++] 5.3

Slovak Republic [+] 0.4 [++] 1.1



Land 2025, 14, 825 9 of 15

Table 3. Cont.

Mitigation Classification Demand Side

Natural Climate Solution Food Waste Reduction Healthy Diets

Score MtCO2eq yr−1 Score MtCO2eq yr−1

Slovenia ++ 0.3 [+++] 0.8

Spain [+] 6.5 [++] 17.2

Sweden + 1.9 [++] 5.0
Legend: The bold signs in brackets indicate that the natural climate solution is reported in the country’s LTS, while
signs without brackets indicate that the natural climate solution is missing in the country’s LTS. The mitigation
potential is expressed as follows: [+] very low or negligible, [++] low, [+++] moderate, [++++] high, and [+++++]
very high. Absolute values source: Roe et al. [18].

4. Discussion
In this study, we assessed whether, in planning their long-term low greenhouse gas

emission strategies (LTSs), EU countries have identified natural climate solutions that could
contribute to the largest extent to the reduction of GHG emissions and enhancement of
carbon removals, considering the country’s potential based on the literature review and
analysis by Roe et al. [18]. Over 90% of the countries are well aware of the importance
of natural climate solutions; in fact, they indicate in their LTSs various measures and
policies for climate change mitigation across all three mitigation categories (forests and
other ecosystems, agriculture, and demand side). To reach the EU climate goals, it is
important for countries to focus on early and rapid actions that maximize benefits while
minimizing adverse effects [25]. This study only reports on the mitigation potential,
showing which solutions can better contribute to climate change mitigation through land
activities, considering the specific potential for each EU country. Based on this, it is possible
to assess how some countries could improve their LTSs, accounting for their specific land
mitigation potential. In fact, some of them may not fully use the potential for mitigation
given by their land sector.

Some countries may need to review some of the solutions included in their LTSs. It
holds especially true for carbon sequestration in agriculture and, in particular, for agro-
forestry. The European Commission defines agroforestry as “land use systems in which
trees are grown in combination with agriculture on the same land” [26]. This natural
resource management system aims to benefit the environment as well as the social and
economic sustainability of the community where it is adopted. Thus, it goes well beyond
mere climate change mitigation. The Rural Development Program of the Common Agri-
cultural Policy 2014–2020 already promoted different types of agroforestry practices [27];
considering that the current Common Agricultural Policy 2021–2027 offers a major stream
of funding for various sustainable practices, such as agroforestry, more EU countries should
include it in their strategies, especially if it has high or very high mitigation potential [28].

Reducing emissions in agriculture is challenging: among all the IPCC emission sectors,
agriculture has recorded the lowest relative emission reduction since 1990 in the EU. Most of
the emissions from the agricultural sector in the EU come from livestock (CH4 from enteric
fermentation and manure management) and nutrient management (N2O from nitrogen
in cropland soil) [29]. In this study, the mitigation potential was based on estimations
from Roe et al. [18], who used data from Beach et al. [30] for enteric fermentation and
manure management and data from Beach et al. [30] and Griscom et al. for nutrient
management. As pointed out by Beach et al. [30], the baseline used in their study did not
account for the total non-rice cropland area. In fact, when comparing data on nutrient
management, estimates from Beach et al. [30] are one order of magnitude lower than
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those from Griscom et al. [31]. This could have contributed to the relatively low mitigation
potential found for these measures.

We found that over 70% of the countries consider forest management as a component
of their strategy to reduce emissions from land. In fact, forest management plays a major
role in the land sector of the EU’s mid-century low-carbon emission strategy [32]. A multi-
purpose forest management approach allows achieving a balanced combination of different
objectives in addition to climate change mitigation [33]. In this regard, it is important
not to focus exclusively on the increase of biomass stock (both in forests and in harvested
wood products) [34]: achieving both biodiversity and climate change mitigation goals in
European temperate forests will be possible if decision makers articulate an overall vision
that encompasses large spatial and temporal scales, while designing sustainable forest
management plans at the extent of individual stands [35]. It is important to design and
describe comprehensively, within the relevant national strategy (forest and biodiversity
strategy), the vision on how to contribute to achieving the EU’s biodiversity and other
environmental objectives besides the GHG emissions reduction target.

The high rate of forest area gain witnessed on average throughout Europe in the last
30 years is decreasing [36]. The overall decline in the expansion rate of forests is due to a
number of factors, which may hamper the achievement of the policy objectives on climate
change mitigation and adaptation through increasing the forest area. This trend may be
reversed, since more than 70% of the LTS reports indicate reforestation and afforestation
as measures to reach the climate target. The scarcity of funding for afforestation and re-
forestation activities, with which EU countries cope, may be coming to an end; the EU
pledge to plant at least 3 billion additional trees by 2030 could boost afforestation and
reforestation, also thanks to the financial support provided by the Common Agricultural
Policy through the national Rural Development Programs [37]. However, the mitigation
potential in the analyzed countries is relatively low; furthermore, when it comes to imple-
menting reforestation and afforestation, governments have to cope with competition for
land, which represents another challenge. In fact, different interests may overlap on the
same parcel of land: they can be economic interests by different stakeholders (e.g., food
and biomass production) or different environmental services (e.g., biodiversity and carbon
sequestration) [38,39].

Reducing food waste and, in particular, dietary changes show relatively large miti-
gation potential in Europe among all the natural climate solution categories and have no
negative impacts across the other challenges [6]. Our results highlight that all the analyzed
EU countries recognize the importance of demand-side policies and measures to meet their
climate target; this represents a big step forward, as demand-side measures have been less
studied and promoted than supply-side measures in the past (e.g., deforestation, forest
management) [40]. However, no countries describe the specific policies and measures that
can be implemented to achieve them. Domestic policies could aim to influence consumer
behavior towards sustainable consumption patterns, for example, through labeling, cer-
tification, and establishing economic incentives/penalties [41]. Demand-side measures
take time and great effort to be implemented because they often involve behavioral, social,
and lifestyle changes, which are among the most challenging aspects of any large-scale
policy shift [40,42]. Besides the actual potential of this strategy in terms of climate change
mitigation, we believe that tackling food waste at all stages of production, distribution,
retail, and consumption is key, and the EU and all the EU countries should be committed
to meeting the target 12.3 of SDG, “by 2030, halve per capita global food waste at the retail
and consumer levels and reduce food losses along production and supply chains, including
post-harvest losses”.
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In analyzing the results of this study, attention must be paid to the fact that mitigation
potential scores are not comparable across countries, as it is not an absolute measure but
relative to each individual country. We based our analysis on the “technical” mitigation po-
tential, which represents the total mitigation potential achievable with available technology,
regardless of the cost. A limitation is that under certain circumstances some measures may
not be plausible or desirable due to economic, social, political, or environmental constraints
and tradeoffs. On the other hand, the “cost-effective” land-based mitigation potential
possible up to EUR 100/tCO2eq is an economic-based measure that provides an additional
indication for policy. In fact, the cost-effective sectoral estimate is about 43% of available
technical potential for the twenty-five analyzed countries. However, the EUR 100/tCO2eq
threshold (as considered by Roe et al. [18]) is far lower than other sources, and uncertainties
remain regarding the CO2 price beyond 2030. Therefore, adopting the cost-effective poten-
tial would require the development of different cost scenarios to ensure comprehensiveness
and robustness. Although the technical mitigation potential is a theoretical measure that
may not always be suitable when precise greenhouse gas (GHG) emission estimates are
required in absolute terms, such as the calculation of emission reference levels, it remains a
valuable indicator for guiding policy decisions.

In general, governments should ensure that natural climate solutions with high and
very high relative mitigation potential are included and prioritized in national policies, and
possibly national strategies should be revised accordingly to ensure they respond to the
need to enhance mitigation across the European Union. As concrete examples, peatland
restoration should be included in their LTSs by Denmark, Finland, Germany, Latvia, and
the Netherlands; agroforestry by Austria, Czech Republic, Denmark, Germany, Greece,
Hungary, Italy, Lithuania, Portugal, and Slovenia; and demand-side solutions by Bulgaria.

5. Conclusions
The role and the potential of natural climate solutions vary, even substantially, accord-

ing to the place and time of their implementation. It clearly emerges that some countries
can rely on a large mitigation potential for certain solutions, while other countries would
have negligible or low benefits from the same solutions: each country has to investigate
the benefits and trade-offs of the solutions considering its own national circumstances and
sub-national peculiarities. Furthermore, all countries need to know the main emission
sources at present to plan solutions that maximize the carbon benefits in the future and the
applicable strategies to enhance removals.

This study informs policy discussions by indicating which natural climate solutions
can provide the largest carbon benefits, pointing out if European countries have already
planned such measures in their long-term low GHG emission strategies, and eventually
proposing which policies and measures are worthy of further consideration. The analyzed
EU countries rely on the contribution from the land sector to reduce GHG emissions and
demonstrate an understanding of the key role of natural climate solutions: they envisage a
wide set of solutions in their LTSs for achieving climate neutrality by 2050. However, our
findings suggest that the potential for natural climate mitigation could be further applied.
LTSs are lively documents, and the countries can update them as more effective measures
are identified or in order to capture policy developments.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land14040825/s1, File S1: Estimation of the absolute values of
mitigation potential of land-based solutions from 2020 to 2050.
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Appendix A

Table A1. Definition of the natural climate solutions.

Natural Climate Solution Definition

Afforestation and reforestation Increase carbon sequestration shifting from non-forest cover to forest cover at 30% tree
cover threshold.

Reduce peatland degradation Avoided GHG emissions (CO2, CH4, and N2O) from degradation of peatlands.

Sustainable forest management

Avoided emissions and enhanced sequestration from the improvement of forest
management, including reduced-impact logging, extended harvest rotations, increased
post-harvest
sequestration rates, and set-aside areas without logging activity.

Peatland restoration Avoided GHG emissions (CO2, CH4, and N2O) from restoration (re-wetting) of
degraded peatlands.

Reduce enteric fermentation
Improve feed conversion, antibiotics, bovine somatotropin (bST), propionate precursors,
antimethanogens, and intensive grazing to avoid/reduce methane emissions from livestock
enteric fermentation.

Manure management Avoided CH4 and N2O emissions from livestock manure management in anaerobic systems
through incorporation of small-scale or large-scale anaerobic digesters.

Nutrient management

Avoided CH4 and N2O and changes in carbon sequestration in cropland soils associated
with nitrogen application through changes in fertilizer application and management
practices: split fertilization, 100% crop residue incorporation, nitrification inhibitors, and
reducing nitrogen fertilizer applications by 20%.

Soil carbon croplands Enhanced soil organic carbon sequestration by shifting from current management to no-till
management with an input scenario consistent with cover cropping.
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Table A1. Cont.

Natural Climate Solution Definition

Soil carbon grasslands

Enhanced soil organic carbon sequestration in managed pastures, by shifting from current
practices to improved sustainable management with light to moderate grazing pressure and
at least one improvement. For rangelands, a shift from current management defined by land
degradation to nominally managed.

Agroforestry Carbon sequestration from adding aboveground woody carbon storage in agriculture
systems (areas with <25% tree cover).

Biochar application
Enhanced carbon sequestration by amending agricultural soils with biochar, which
increases the agricultural soil carbon pool by converting rapid-mineralizing carbon (crop
residue biomass) to persistent carbon (charcoal) through pyrolysis.

Food waste reduction

Emissions reductions from diverted agricultural production (excluding land-use change)
from reduced food loss and wastage from all stages of production, distribution, retail, and
consumption through the implementation of measures such as improved storage and
transport systems, generation of public awareness, and changing consumer behaviors.

Healthy diets

Emissions reductions from diverted agricultural production (excluding land-use change)
from the adoption of sustainable healthy diets: (a) maintain a 2250 calorie per day
nutritional regime; (b) converge to healthy daily protein requirement, limiting meat-based
protein consumption to 57 g/day; and (c) purchase locally produced food when available.
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