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Carbon dioxide removal (CDR) that increases the area of forest cover or bio-energy crops inherently competes for land with crop and livestock systems, compromising food security, or will encroach natural lands, compromising biodiversity. Mass deployment of these terrestrial CDR technologies to reverse climate change therefore cannot be achieved without a substantial intensification of agricultural output, i.e., producing more food on less land. This poses a major challenge, particularly in regions where arable land is little available or severely degraded and where agriculture is crucial to sustain people's livelihoods, such as the Global South. Enhanced silicate weathering, biochar amendment, and soil carbon sequestration are CDR techniques that avoid this competition for land and may even bring about multiple co-benefits for food production. This paper elaborates on the idea to take these latter CDR technologies a step further and use them not only to drawdown CO2 from the atmosphere, but also to rebuild fertile soils (negative erosion) in areas that suffer from pervasive land degradation and have enough water available for agriculture. This way of engineering topsoil could contribute to the fight against malnutrition in areas where crop and livestock production currently is hampered by surface erosion and nutrient depletion, and thereby alleviate pressure on intact ecosystems. The thrust of this perspective is that synergistically applying multiple soil-related CDR strategies could restore previously degraded soil, allowing it to come back into food production (or become more productive), potentially alleviating pressure on intact ecosystems. In addition to removing CO2 from the atmosphere, this practice could thus contribute to reducing poverty and hunger and to protection of biodiversity.
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The conflict between using land to help solve the climate crisis or to produce more food for a growing human population

Across all Shared Socioeconomic Pathways (Riahi et al., 2017), a global increase in food demand of 35–56% is projected by 2050 relative to 2010 (van Dijk et al., 2021), implying an equally large food gap between food required in 2050 and food availability under a business-as-usual scenario (Ranganathan et al., 2018). Without drastic transformations of the agriculture and food sectors (Schmidt-Traub et al., 2019), producing 60% more food would require nearly 6 Mkm2 nature or forest land to be converted into cropland or pasture, i.e., a growth of the current agricultural area (50 Mkm2; Smith, 2016) by 12%. Evidently, such a dramatic land use change would have colossal adverse effects on biodiversity, environment, and climate (Ranganathan et al., 2018).

The yield per area and total production of major staple foods are globally on a decline owing to increased temperatures (Zhao et al., 2017). Especially strong impacts of climate change are experienced across the tropical belt where extreme heatwaves occur more frequently (Mbow et al., 2019) and severe droughts are already causing water stress (Porkka et al., 2016; Spinonii et al., 2021). In addition to the risk that climate change reduces productivity per unit land area, there is also a risk that the total land area available for agriculture will decline. Almost all IPCC scenarios compliant with a maximum of 1.5°C warming, which would dampen the increase in frequency and intensity of climate extremes (Hoegh-Guldberg et al., 2018), depend on large-scale deployment of carbon dioxide removal (CDR) technologies. Applying two of the most studied land-based CDR technologies, Bio-Energy with Carbon Capture and Storage (BECCS), which supports the energy transition, and afforestation/reforestation (AR), which is beneficial for biodiversity and Earth function, however, would require an estimated 4–7 Mkm2 of land (Smith et al., 2016; Mbow et al., 2019). Reducing the current 50 Mkm2 of agricultural land by 4–7 Mkm2 (-8 to−14%) to enable large-scale BECCS and AR deployment is unacceptable given that 820 million people are still undernourished (Mbow et al., 2019); likewise expanding the current agricultural area with an extra 6 Mkm2 to close the food gap would come at too large a cost for biodiversity and environment.

Food and nutritional security are furthermore threatened by decreases of soil organic matter stocks, compromising soil nutrient retention and water holding capacity (Tan et al., 2005; Ghimire et al., 2022), that moreover causes CO2 emissions that exacerbate the climate crisis. Food security is further threatened by soil contamination (Persson et al., 2022) and soil sealing, i.e., the creation of an impermeable layer (Gardi et al., 2015). Importantly, each year erosion strips 24 billion tons of topsoil from arable land worldwide (UNCCD, 2014; FAO and ITPS, 2015), diminishing the amount of food that can be produced for many generations to come. One third of global agricultural land is already subject to human-induced land degradation (FAO, 2021), and the pace at which this takes place is rising sharply due to population growth. Soil erosion and fertility loss affect a disproportionally large area of land where climate extremes decrease yields the most, aridity increases the fastest, and majority of people's livelihoods depend on agriculture (FAO, 2021). Halting soil degradation is thus a key priority to realize the zero-hunger development goal.



Avoiding competition for land

Multiple solutions have been proposed to overcome the trade-off between using land for CDR or for agriculture, and probably all will be needed if worse climate change impacts and food shortages are to be avoided. These proposed solutions are diverse and often not mutually exclusive. One group of solutions focuses on producing more food on less land. High-yield farming of croplands, with targeted protection of biodiversity (by setting aside 20% of agricultural land as the major pathway to improving biodiversity) and spatial optimization of crop selection and fertilizer inputs to current-day climate and soil conditions, was estimated to produce similar volumes of food on 40% less land (Folberth et al., 2020). Moreover, it would reduce global irrigation needs by 20% and maintained global fertilizer applications at current-day levels (Folberth et al., 2020). In many areas where rain-fed agriculture is currently possible, droughts occur with increased frequency and intensity, so ensuring water availability will be required to reduce the risk for crop failure during droughts. Hence, improved water management at landscape scale constitutes another important component of sustainable cropland intensification that could increase food production on less land (Rockström et al., 2010).

Besides maximizing yields, another group of solutions aims at optimizing the food chain, thus reducing the amount of food required to feed the world and enabling reductions in the agricultural land area. Reducing food wastage, for example, is one of the most low-hanging fruits: currently 30–50% of yields are wasted on their way from the field to the consumer (Lundqvist et al., 2008; FAO, 2011), implying that a drastic reduction in food wastage could substantially increase food availability, without requiring additional land. Another highly effective measure to reduce the land area needed to feed the world would be a global reduction in meat consumption. Roughly 75% of agricultural land is currently used to produce meat, which covers <25% of the calories and proteins required to feed the human population. Hence, also a reduction in global meat consumption would help reduce the land area needed to realize the zero-hunger objective and render land available for CDR (IPCC, 2022). Personal preferences and systemic behavioral patterns, however, pose major barriers to dietary change and more sustainable meat consumption (O'Riordan and Stoll-Kleemann, 2015). Moreover, livestock production also forms the backbone of pastoral communities in semi-arid zones where rainfall can only support grassland ecosystems, with approximately 200 million people worldwide depending on pure grazing (Kaufmann et al., 2019).

Another way to avoid competition for land between CDR and food production is to advance CDR techniques that can be implemented on agricultural land and therefore do not compete with food production, as is the case for enhanced weathering (EW) of silicate minerals (Beerling et al., 2018; Vicca et al., 2021; Ramos et al., 2022; Swoboda et al., 2022; Vienne et al., 2022), increased soil carbon storage (SCS; Smith, 2016; Smith et al., 2016; Rumpel et al., 2018; Amelung et al., 2020), or applying biochar (BC) from excess crop residues and other renewable biomass (Biederman and Harpole, 2013; Smith, 2016; Smith et al., 2016). While the estimated global CDR potentials of these three CDRs (EW about 1, SCS and BC both about 0.7 Gt C yr−1) are lower than those of BECCS (3.3 Gt C yr−1) and AR (up to 3.3 Gt C yr−1) (Smith, 2016; Smith et al., 2016), the agricultural and environmental co-benefits of these approaches help in neutralizing diverse adverse human impacts on the planet and on food security. For example, EW helps counteracting acidification (potentially replacing lime) and restores depleted pools of base cations, silica, and -depending on the source materials- also phosphorus and micronutrients (Beerling et al., 2018). Increasing soil organic matter stocks through SCS and/or BC improves soil aggregation and porosity, which combined with minimizing soil disturbance reduces erodibility, and enhances infiltration, water holding capacity and nutrient retention (Razzaghi et al., 2020; Panagea et al., 2021). Especially in areas with highly weathered or degraded soils like the Global South, these co-benefits help increase crop yields (Jeffery et al., 2017; Beerling et al., 2018).

One option that has rarely been considered so far (but see Horton et al., 2021) is that these latter CDRs may actually be combined, not only to maximize the CDR per unit agricultural land, but even to create new, fertile topsoils in landscapes where agriculture is no longer viable due to surface erosion and nutrient depletion (Figure 1). As mentioned earlier, roughly 25% of the land suited for agriculture is in a severe state of degradation or is rapidly degrading, a trend that must be halted and if possible reversed. The idea to create new fertile land using CDRs originated from studying chronosequences of volcanic islands south of Iceland (the Vestmannaeyjar islands; Leblans et al., 2014). The silicate-rich sediments on the youngest island, now 50 years old, contained all elements needed for plant growth, except nitrogen (N), and the island has remained largely unvegetated since its birth. However, one part of the island harbored a seabird colony where guano deposition catalyzed rapid development of dense vegetation. Microbes subsequently transformed the plant necromass into soil organic matter, which increased soil water-and nutrient retention that further enhanced vegetation productivity, reaching similar productivity values as vegetation on other islands with well-developed, well-managed soils (Leblans et al., 2014, 2017).


[image: Figure 1]
FIGURE 1
 Overview of how combining CDR techniques to form new fertile soils would support functions and services in agricultural soils. CDRs and site management practices are given in green, effects on ecosystem services in red, and effects on ecosystem processes in black. Weathering of the added silicates releases a suite of nutrients and buffers soil pH, both benefiting vegetation growth. Plant growth must be supported by well-balanced addition of (in)organic fertilizers and site-specific management such as crop selection and engineered surfaces. Nutrient and water losses are best avoided through high inputs of organic matter (OM) or biochar from renewable biomass caches. These will increase cation- and anion exchange capacity (CEC and AEC) and base saturation (BS) of soils, as well as reinforce its biotic community leading to aggregate formation and improved soil structure. The latter not only protects against surface erosion, it also increases water infiltration, avoiding losses by overland flow and maximizing water retention, which stimulates plant growth. Optimal management of water through reservoirs, wells and irrigation systems further reduces water losses and increases plant-available water which helps to secure yields during extreme drought.


This natural development of fertile soil that supports high plant productivity thus occurred because of the combination of weatherable silicate minerals, nutrient-rich fertilizers (guano), and soil organic matter accumulation. In principle, this could be engineered on unproductive land where rain-fed agriculture is possible by applying a sufficient layer of weatherable silicate minerals (EW), mixing in substantial amounts of organic matter and kick-starting productivity by fertilizing with the nutrients that are limiting plant growth the most. Co-deployment of these CDR techniques could thus enable the formation of new fertile cropland and pasture where soils are degraded and not enough food is produced to sustain livelihoods. Because this method tackles the challenges of ending hunger and mitigating emissions at the same time it can foster a high level of support and investment which will promote widespread uptake.



Realizing high-yield, carbon-negative agriculture on degraded soil

Lessons learnt about the onset of plant productivity on volcanic islands suggest that all the following features are required to create fertile soils across degraded landscapes.

Weatherable silicate minerals provide the basis of soil formation and restoring agricultural land. Usually in applications of EW the silicates are dosed at 20–50 ton ha−1, i.e., a layer of a few mm, but this does not suffice for extremely degraded cases where topsoils have been lost. Because of the lack of empirical studies, we can only speculate about how deep the engineered topsoil should be to enable sufficient yields. Deeper soils provide more water and nutrient storage and better anchoring for the roots. However, assuming a density of 1.5 kg dm−3, every cm of engineered soil implies the transport of about 150 ton ha−1 of silicate minerals, that all needs to be ground and transported and requires a large financial investment and comes at an energy cost and (until the energy transition has been completed) also a CO2 cost. Based solely on expert judgment, we speculate that a soil depth of about 10 cm would be needed to sustain viable yields. Developing a new fertile, 10-cm surface layer, would thus imply the transport of roughly 1,500 ton ha−1, about 75 truckloads, and thus presents logistical and financial challenges, and comes with a large CO2 penalty, for real-world application. Organic matter and biochar from secondary biomass residues are the finishing coat and active ingredient of new fertile soil. How much of these resources would exactly be needed to build a 10-cm surface layer is not certain and will inherently vary. Some studies have suggested application rates of OM at an equivalent rate of 1 ton C per hectare, and of biochar at 30–60 ton dry matter per hectare (e.g., Smith et al., 2016).

The climate benefit of engineering soil on degraded land through a combination of EW, SCS and BC can be preliminary evaluated with a “back-of-the-envelope” CO2 balance. Emissions from grinding and transporting silicates reportedly amount to about 30% of the CO2 removed during the weathering for common rates of silicate amendment, i.e., 50 ton per hectare (Smith et al., 2019). Assuming mafic basalt is applied, such a quantity could sequester a total of 15 ton CO2/ha based on theoretical potential (i.e., 0.3 ton CO2 per ton rock; Strefler et al., 2018), and the supply-side emission would be 4.5 ton/ha. To create new fertile soil, we suggest applying 30 times more silicates, which will proportionally increase CO2 emission to 135 ton. However, this is compensated by different factors. If we consider that SCS and BC would realize an immediate CDR of 20 ton C or 73.5 ton CO2 per hectare, then the remaining emission is 61.5 ton CO2 per hectare. To achieve this offset with BC and cereal stover at a 3:1 ratio, landowners would have to apply about 25 ton/ha of BC with a low level of 50% fixed carbon (Morales et al., 2015) and about 52 ton/ha of dry cereal stover when 8% of C in the material is permanently retained in the soil (Xu et al., 2019). Further savings in CO2 emission can be achieved on the supply-side of EW by only using the fine fractions of available waste streams and reducing the distance between mines and soil restoration site. In this way, it is expected that the CO2 penalty of engineering soil with EW, SCS and BC could be reduced to 30 ton per hectare. Knowing that experiments with 30–50 ton silicates per hectare found a CO2 removal in the order of 1 ton C or 3.7 ton CO2 per hectare per year, it would take about 8 years to become CO2-neutral. Since much larger and longer lasting CO2 uptake is expected at rates of 1,500 ton EW per hectare, the engineered soils can become carbon neutral within fewer years, and likely carbon-negative during following decades. While these estimates are fraught with very large uncertainties, it is clear that engineering soils makes sense in terms of CO2 balance.

Depending on the type of applied silicate minerals, nutrients such as K, Ca, Mg, P, S may need to be supplied. Silicate minerals rich in non-acidic cations and P, and containing essential micronutrients are therefore to be preferred. However, the element that is lacking from these minerals is N. On the youngest of the Vestmannaeyjar islands, vegetation growth only took place when and where the non-geogenic nutrient, N, was deposited by the bird droppings. To estimate how much N would be needed to enable agriculture in engineered soils of 10 cm-depth, we assumed a target soil N concentration of 0.25% (average N concentration in arable soils; Nendel et al., 2019) and found that roughly 4 ton of N per hectare would be required to kick-start productivity for the 1,500 ton of silicate mineral added. We next estimated how much N would be removed with each harvest and thus needing to be resupplied to sustain high productivity in the long term. Taking maize as an example and assuming the mean global annual grain yield of 4.3 ton DM per hectare (FAO, 2009) and a N concentration of 1.2 % (Hirzel et al., 2020), an annual N supply of about 50 kg would be needed to sustain yields. Given the leakiness of the N cycle, this 50 kg is likely a low-end estimate. Replenishing stocks of N and the other nutrients missing from the applied silicate minerals is best achieved using organic fertilizers, such as manure, compost and other homologs, because also soil organic matter is needed (see below).

Supplying vegetation with ample nutrients only stimulates productivity when water is not limiting plant growth. In absence of infrastructures for water management, this restricts the engineering of new fertile soils to areas where rain-fed agriculture is possible. Advanced water conservation and application techniques, such as run-off collectors and irrigation, are therefore recommended, especially in view of extreme droughts becoming more frequent and more long-lived. Also, the greater the water infiltration rate and the higher the soil water retention capacity, the more water the soil can retain after rain events and the less vulnerable yields will be to drought. High water retention capacity could be realized by applying silt-sized silicate minerals. However, this would likely come at a great energy cost. Alternatively, infiltration rates and soil water retention capacity could also be enhanced by ensuring high soil organic matter contents. Maximizing the soil's organic matter content is crucial, not only because it contributes to CDR, but also because soil organic matter is key to almost every soil function, including nutrient retention and exchange (Figure 1). High soil organic matter inputs and stocks support active soil biota which stimulate the formation (and turnover) of soil aggregates, rich in micro- as well as macropores, that help avoid erosion. A proper balance between both pore size classes ensures high water infiltration, avoiding water losses by surface run-off, and maximizes water retention following rain events. Active soil biota also immobilize and slowly release nutrients, thereby helping to avoid nutrient losses from the system. In strongly degraded systems, microbial inoculants with beneficial microorganisms to enhance soil fertility and plant growth, i.e., bio-fertilizers, may be needed to jumpstart biological activity (D'Hondt et al., 2021).



Barriers and opportunities for real-world implementation

Where a degraded or shallow soil is present and sufficient rainfall occurs, we speculate that creating a 10-cm new topsoil layer with EW, SCS and BC may suffice to create a productive system because leaching and bioturbation tend to rapidly ameliorate subsoil conditions (e.g., buffer pH and increase organic matter content) without the need for additional deeper interventions. This 10-cm depth is a speculative prognosis based on expert opinion and has not been tested in modeling or empirical studies. A shallower depth (e.g., 5 cm) would come at lower financial and energy costs, and would thus be preferred, but may not suffice to retain sufficient rainwater and provide a healthy environment for roots and symbionts. Much deeper layers of newly created soil might be unrealistic in terms of the financial and energy requirements. Field experiments with representative rates of nutrient provision, including life cycle and economic analysis, are needed to draw sound conclusions on the optimal depth in true-life situations.

Covering earth surfaces with 10 cm of silicate minerals roughly requires 1,500 tons of rock material per hectare. Transporting such amounts is very costly and carbon-intensive if silicate minerals must be supplied from long distances by freight truck. Synthetic fertilizer inputs and water management infrastructures required to create high-yield carbon-negative agricultural land incur further production and transport costs, that all need to be assessed in life cycle assessment and—costing. While the upfront investments are large for applying EW, fertilization, SCS and BC at such high rates, a considerable part will be recovered from permanent increases of soil fertility and economic yields. Precisely for that reason farmers around the world use these practices to begin with. Furthermore, when the value of mitigated emissions and payments for ecosystem services (e.g., avoided deforestation and biodiversity loss) are considered, creating new fertile soil at large scale may become financially viable. To enhance the viability the following options should be considered.


Using nearby waste streams

In order to minimize the cost and required energy inputs, and maximize the CDR efficiency in economic and ecological terms, silicate minerals from waste streams are the preferred sources (Beerling et al., 2020). To minimize the financial investment and especially CO2 penalty, engineered soils must be created in the vicinity (the closer the better) of a free or cheap EW material, using whenever possible the finest fraction (<1 mm) of the silicate materials that does not require grinding (obtained e.g., by sieving). The billion tons of alkaline silicates that accumulate next to mines globally, and which are often pulverized, offer an obvious pool of substrates (Renforth et al., 2011; Renforth, 2019). Also industrial by-products such as steel slags and cement and concrete fines from demolition may provide suitable silicate substrates (Beerling et al., 2020). Yet, in as much as the economic cost of using these waste streams is relatively low, and weathering rates are typically high, their environmental and social impacts require careful investigation before they can be spread on earth surfaces. The composition of industrial by-products such as steel slags and concrete fines is notoriously heterogeneous and may require removal of pollutants to be suitable for EW applications in agriculture (e.g., Wang et al., 2018). Requirements on land accessibility by road could further restrict the area where rejuvenated soils can be constructed. This is the case in small-scale farming landscapes that are highly fragmented and have rugged topography, unless suitable logistical solutions and collective efforts are put in place.



Apply fertilizers

Research at the volcanic Vestmannaeyjar islands has indicated that on top of acquiring silicate minerals there is need for substantial N input to realize high plant productivity and, depending on the chemical composition and weathering rate of EW material that is used, other nutrients may have to be supplied. Once established, nutrient management must be tailored to the specific land use objective, i.e., food production or rangeland. The use of N2-fixing food crops, pasture grasses, fodder crops, or tree species can help minimize the need for inorganic N fertilizer input over the long term (Rosenstock et al., 2014). Nutrient supply requirements are a function of the balance between export via harvest and inputs via manure, compost or added biomass. Thus, industrial synthetic fertilizers may not be needed if sufficient manure or organic fertilizers are added to the soils. In any case, fertilizers add to the financial and environmental costs and must be included in the life cycle analysis and—costing.



Increasing and maintaining soil organic matter stocks

Next to EW, SCS and BC are two CDR techniques that are highly beneficial for soil function. The incorporation of crop residues alone generally does not suffice to maintain high soil nutrient availabilities, nor to increase soil organic matter stocks. Cultivating green manures, legume rotations, cover crops, perennials, or deep-rooting crops, and recycling manures, composts, and other organic amendments, are indispensable to maintain or increase soil organic matter stocks and build fertile soils (Smith, 2012; Smith et al., 2020). On the volcanic Vestmannaeyjar islands, the accumulation rate of soil organic matter was strongly coupled to the availability of N, the most limiting element for plant production in those soils (Leblans et al., 2017). Microorganisms that convert plant litter into soil organic matter are usually carbon-limited, even under conditions that are nutrient-limited for autotrophic communities (Soong et al., 2021). This will be specifically true for degraded and intensively cultivated agricultural soils, that are depleted in organic matter. Combining sufficient soil nutrient availability with high organic matter inputs will likely result in high microbial carbon use efficiency, converting a larger fraction of the plant litter into microbial biomass and ultimately in stabile soil organic matter (Cotrufo et al., 2013).

In parallel to these classic techniques for building up soil organic matter, adding biochar will also help maintaining or increasing soil organic matter stocks (Smith et al., 2016). The incorporation of carbonized plant biomass into agricultural land is a CDR with high permanence and potentially large co-benefits on soil nutrient and water retention, as well as on biotic communities (Jeffery et al., 2017). A study Kenya showed that biochar-producing gasifier cookstoves incentivized farmers to collect excess residues from crops which they otherwise burn in the field, thereby displacing firewood and decreasing CO2 emissions (Sundberg et al., 2020). Farm surveys in Uganda of available residues from common staple crops demonstrated that turning these into biochar could annually sequester 0.20 to 1.15 ton C ha−1, whereas the ambitious target of the “4 per mille” initiative is 0.6 ton C ha−1 (Rumpel et al., 2018; Roobroeck et al., 2019). Amendment of biochar to tropical soils was proven to increase crop yields for more than a decade, under favorable and unfavorable rainfall, as a result of improved soil pH and water holding capacity (Kätterer et al., 2019). Farmer households and agribusinesses thus profit from having low-cost energy and recurrent yield gains. Plans are being developed to scale this up, with farmers bringing their residues to nearby gasification plants for captive use of heat in drying processes and/or electricity generation for lowering costs of production or selling to provide income. In this closed-loop model, biochar will be added to inorganic fertilizers and then incorporated in the soils to increase crop productivity and nutrient use efficiency and reduce N2O emissions.



Water management

Even though the here-proposed practice of soil rejuvenation is best limited to areas where rain-fed agriculture is possible, water management is still preferred. Infrastructures, such as reservoirs that collect run-off water or irrigation systems, would in most cases further increase yields and reduce the risk for crop failure during anomalous droughts. Providing access to affordable renewable energy (solar or wind) would allow to pump irrigation water at little CO2 cost. In addition, in coastal areas or in areas with saline ground water, the water present is not suitable for irrigation purposes without treatment. Affordable renewable energy could enable desalinization of this water, thereby unlocking currently unavailable water resources that may increase or secure yields. These infrastructures would come at a high cost but have the benefit of climate-proofing the investment in engineered soils, as well as their yields.

Engineering new soils that are fertile and carbon sinks on degraded land through EW, SCS and BC has strong theoretic backing yet its real-world implementation with benefits on climate and economies is not straightforward. The CDR techniques in the proposed approach have a number of potential caveats including uncertainties due to knowledge gaps, barriers that limit implementation at scale, and risks of unwanted economic and ecological effects (Table 1). All these caveats must be addressed and countered before widespread deployment is financially viable and safe provides an expert assessment of the most important gaps, challenges, and threats that have large distortional effects on the proposed approach to rebuild degraded soils. Further details about potential caveats of EW, SCS and BC are provided by Fuss et al. (2018), Nemet et al. (2018), Lefebvre et al. (2019), Smith et al. (2019), Cao et al. (2020), Haque et al. (2020), Campbell et al. (2022), Swoboda et al. (2022), and Vienne et al. (2022), among others. While there is increasing attention to the individual CDR techniques, a key uncertainty that needs to be dealt with is how EW, SCS and BC interact. Will these techniques reinforce each other, or will antagonistic effects reduce their joint CDR and climate change mitigation potential?


TABLE 1 Potential caveats for real-world deployment and climate impacts of the techniques in the proposed approach.
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In conclusion, this perspective proposes to rebuild new soils in areas where climate allows food production, but where mismanagement in previous decades has severely degraded soils, rendering them unsuited for food production. This “negative erosion” can be realized by combining multiple CDR technologies that do not compete for land. Thus, these engineered soils would contribute to multiple sustainable development goals simultaneously.
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