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Introduction

The Paris Agreement calls for stabilizing the global mean surface temperature increase to well below 2°C above pre-industrial level [START_REF] Unfccc | Report of the Conference of the Parties on its twenty-first session[END_REF], a threshold that has endured in science to represent dangerous climate change [START_REF] Sanderson | What would it take to achieve the Paris temperature targets?[END_REF]. This target implies two key challenges.

On the one hand, it implies to induce additional carbon dioxide removals (CDR, or so-called negative emissions) [START_REF] Masson-Delmotte | Global warming of 1.5 C. An IPCC[END_REF][START_REF] Tanzer | When are negative emissions negative emissions?[END_REF], at a rapid and large-, or more modest-, deployment scale, depending on the ambition with regards to the well below 2°C [START_REF] Hilaire | Negative emissions and international climate goals-learning from and about mitigation scenarios[END_REF]. The potential of soil carbon sequestration as a negative emission strategy has attracted increased attention because of its considerable potential, up to 13 Gt CO2-eq year -1 , as reported by [START_REF] Shukla | Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems[END_REF]. In comparison, China's net emission was 12 Gt CO2-eq in 2018 (Climate watch, 2021). Examples illustrating this potential include the study of [START_REF] Bastin | The global tree restoration potential[END_REF], where a total of 900 million ha of marginal land suited for re-and afforestation worldwide was reported, with a potential to store up to 42.5 Gt C in total (carbon in soils and biomes) (revised figure from the comment [START_REF] Veldman | Comment on "The global tree restoration potential[END_REF]). Similarly, [START_REF] Poeplau | Carbon sequestration in agricultural soils via cultivation of cover crops -A meta-analysis[END_REF] estimated, from their metaanalysis results, that through implementing cover crops on fallow land on just 25% of the global cropland area, a soil organic carbon (SOC) increase corresponding to 0.21-0.26 Mg ha -1 year -1 (an accumulated sequestration corresponding to 11.77-14.12 Mg in total) could be obtained after 50 years. This could compensate, according to the authors, ca. 8% of direct annual greenhouse gas (GHG) from agriculture. The review of [START_REF] Paustian | Soil C Sequestration as a Biological Negative Emission Strategy[END_REF] on the negative emission function of SOC highlights that a near complete adoption of 'best management practices' for building up SOC stocks on current agricultural lands could lead to an upper sequestration potential of 4-5 Gt CO2-eq year -1 . [START_REF] Minasny | Soil carbon 4 per mille[END_REF] suggest, considering a global SOC stock estimate of 2,400 Gt (2m depth) [START_REF] Batjes | Total carbon and nitrogen in the soils of the world[END_REF], an annual global SOC increase target of 4‰ per year in order to offset global fossil carbon (C) emissions, estimated to 8.9 Gt C year -1 by the authors. Estimations performed for France revealed that as much as ca. 28,500 ha lands could be suitable for an increase of 4‰, corresponding to an upper limit of 2.9-5.7 Tg C stored per year in the future 30 years [START_REF] Rodrigues | Achievable agricultural soil carbon sequestration across Europe from countryspecific estimates[END_REF].

SOC changes are mainly due to changes in the balance between the input and output of C to soils [START_REF] Amundson | The carbon budget in soils[END_REF]. On vegetated soils, plants capture and store C from the atmosphere through photosynthesis, shed part of the accumulated biomass-C as above-and below-ground residues [START_REF] Karan | Crop residues may be a key feedstock to bioeconomy but how reliable are current estimation methods?[END_REF], and may be subjected to external C amendments (e.g. manure, compost, biochars) [START_REF] Paustian | Soil C Sequestration as a Biological Negative Emission Strategy[END_REF]. Part of the C in the above-and below-ground biomass residues undergoes microbial activity, humified to humic substances, allowing it to become part of the soil structure [START_REF] Buscot | Microorganisms in soils: roles in genesis and functions[END_REF]. The other part, also the most important share is, through mineralization and then converted to inorganic C, essentially ending as carbon dioxide (CO2) emissions to the atmosphere. Both humification and mineralization are highly governed by climatic factors (soil temperature and moisture). Any changes in this input-output balance induce a temporary perturbation to the long-term SOC stock that will result in either SOC losses or gains until a new equilibrium is reached.

The second challenge implied by the Paris Agreement target is to transit towards a low fossil C economy. Fossil CO2 represented more than 65% of global GHG emissions in 2016 (World Resources Institute, 2020). While some products and services can be supplied without any C (e.g. wind or solar electricity, which can in turn supply heat or transport services), other sectors of the economy (e.g. materials, chemicals) cannot be decarbonized and will require new C sources. In the low fossil C economy, biomass is the most abundant and accessible C source [START_REF] Gautam | Chapter 11 -Energy-Aware Intelligence in Megacities[END_REF]Office for National Statistics, 2019), at least until the large-scale deployment of technologies allowing to directly capture atmospheric carbon (so-called direct Direct Air Capture) and the use becomes a reality.

With the emergence of bio-based materials (e.g. as new textiles, in the construction sector), the C contained in the biomass and subsequently in these anthropogenic products represents another potential C pool. Among the bio-based sectors, C storage in wood-based products is one of the most studied. Despite this, several challenges remain to achieve consistent biogenic C accounting and ensure a proper inclusion of delayed emissions [START_REF] Finkbeiner | Life cycle assessment of decarbonization options-towards scientifically robust carbon neutrality[END_REF], which essentially depends on product durability and land management. In the study of [START_REF] Head | Dynamic greenhouse gas life cycle inventory and impact profiles of wood used in Canadian buildings[END_REF], the potential for climate mitigation of wood-based products was assessed through dynamic life cycle assessment (DLCA), including C capture by trees, emissions from product manufacturing and end-of-life considerations, through different time horizons. The temporality of such scenarios (i.e. when the different processes emit and capture CO2) is a key parameter: the benefit of C capture by trees could be lost sooner or later, depending on the product's lifetime.

This study aims to demonstrate an integrated concept simultaneously addressing these two challenges of negative emission (CDR) and emission mitigation (reduction), for climate change mitigation. We refer to this concept as CSAAP: Carbon Storage in Arable land and Anthropogenic Products. In a nutshell, it consists of inducing an additional net long-term biophysical removal of C from the atmosphere towards the soil, while using the produced biomass as a renewable C source to supply society's demands for hydrocarbons. The plant species allowed to meet (in a given geographical context) this double challenge are here referred to as biopumps. To qualify a CSAAP strategy as sustainable (i.e. a combination of biopump, bio-based product, and its use up to end-of-life), the vision is to ensure that (1) the cultivation of biopumps does enhance SOC stocks, while (2) not inducing competition for arable land nor adverse environmental trade-offs and (3) that biopumps are a source of C for anthropogenic products with a long lifetime, thus allowing for a net CDR for a time horizon as important and relevant as possible. To implement a CSAAP strategy on territory, we propose a methodology with several steps: (i) identification of suitable plants at the light of criteria (1) and selection of adapted biopumps for the studied territory; (ii) assessment of the lands with potential for SOC increase, and (iii) assessment of the climate mitigation potential of the whole chain, from CO2 capture by biopumps to bio-based products in the technosphere and their end-of-life. This concept proposes, thus, the implementation of specifically selected plants on specifically chosen carbon-poor lands, at large territorial scale (e.g. country), and their use in long-lived products, with a primordial goal, to mitigate the climate change by simultaneously inducing CDR (negative emissions) and GHG mitigation. A comprehensive methodology is proposed for systematic investigation and assessment of coupled C pools, from soil to biopumps and products in the technosphere, in order to quantify the effect on actual mean surface temperature. The novelty of the concept and methodology lies in the 'nexus biopump-land-product', combining the local natural potential to induce negative emissions with the product demands in the economy while creating temporal C sinks in bio-based products and reducing GHG emissions with the replacement of petrochemical products, over tailored periods (in line with the climate targets).

Further, it remains unclear to which extent and under which local conditions such concept could effectively lead to controlling temperature changes below 2°C. In an endeavor to understand the potential importance of CSAAP for climate mitigation and bioeconomy strategy, we here applied and scaled the concept to France. The case of Miscanthus (Miscanthus x giganteus) as biopump was considered for illustration, with a representation of the atmospheric C flow induced in soils and maintained in the technosphere and its evaluation in time, as well as the related effect on global mean temperature change as an indicator for climate change.

Materials and methods

Identification and ranking of biopump candidates

Assessing the specie-dependent potential to enhance SOC

The key determinant for labeling a plant as a biopump is its ability to induce net C sequestration in agricultural soils, reflected here by its ability to increase SOC over a long period, typically considered as 100 years in SOC-related studies [START_REF] De Jong | Using dynamic relative climate impact curves to quantify the climate impact of bioenergy production systems over time[END_REF][START_REF] Hamelin | Modelling the carbon and nitrogen balances of direct land use changes from energy crops in Denmark: A consequential life cycle inventory[END_REF].

In order to pinpoint the plant species that could qualify as biopumps, the literature was screened in an endeavor to generate a database compiling the plants reported to increase SOC over time, the yield of these plants along with the key parameters upon which their sequestration performance depends on. The recent work of Ledo et al [START_REF] Ledo | A global, empirical, harmonised dataset of soil organic carbon changes under perennial crops[END_REF] represents the most comprehensive attempt to collect a comparable dataset on SOC changes induced by the cultivation of perennial plants.

The authors summarized SOC measurements (with standard deviations) before and after cultivation for 61 crop types on 709 sites all over the world, with harmonized documentation of site properties, including key parameters highlighted by Sanderman et al. [START_REF] Sanderman | Soil carbon debt of 12,000 years of human land use[END_REF] (climate, relief, lithology, and previous land use) as well as additional ones like soil depth, plantation lifetime, and agricultural management. For these reasons, the present work builds essentially upon the study of Ledo et al [START_REF] Ledo | Changes in soil organic carbon under perennial crops[END_REF][START_REF] Ledo | A global, empirical, harmonised dataset of soil organic carbon changes under perennial crops[END_REF]. All the crops reported by Ledo et al [START_REF] Ledo | A global, empirical, harmonised dataset of soil organic carbon changes under perennial crops[END_REF] were classified here as 'woody' or 'grass', and the average annual SOC change (ΔSOC) was calculated from the concentration (i.e. data in g C kg -1 soil) and/or stock data (i.e. data in t C ha -1 ), considering the reported duration between the current and previous land use. This is summarized in table S1&S2, along with additional parameters extracted from Ledo et al [START_REF] Ledo | A global, empirical, harmonised dataset of soil organic carbon changes under perennial crops[END_REF] database, such as the soil depth for SOC measurements, or the location and number of plots. Among the 61 crop types presented in this database, 42 had a negative average annual ΔSOC. These were excluded from further consideration as candidates for biopumps. To this remaining list of crops, 10 additional plants were added, collected from a selection of 38 articles from recent literature (2005 -2019).

Ranking the candidates

A semi-quantitative scoring framework adapted from(COWI A/S and Utrecht [START_REF] University | Environmental impact assessments of innovative bio-based product -Publications Office of the EU[END_REF] was built in order to rank the biopumps identified in the previous step, in the perspective of achieving the highest performance in terms of C sequestration, biomass yield, agricultural intensity, and risk of invasion, and to ensure suitability in a given geographic context (table 1). Accordingly, five specific criteria were defined. Each criterion was associated with a score ranging from 0 to 3, where each score corresponds to a quantitative or qualitative value. The SOC increase potential considered for the scoring is based on the screening work of section 2.1.1 potential can be addressed both in terms of concentration or stock (depending on data availability). When data were available both in SOC concentration and stock, the highest value was chosen for ranking. In order to supply quantitative data for all other criteria, an extensive literature review was made (table S5).

The rationale used for the yield criteria was to assign the top score to a threshold yield necessary to ensure SOC sequestration with a target of 4‰ increase annually ('4 per 1000' initiative), which roughly translates in a global average sequestration rate of 0.6 t C ha -1 annually [START_REF] Minasny | Soil carbon 4 per mille[END_REF].

On this basis, and considering plant's anabolism to 15% (the portion of the overall plant-C that is retained in soil) as well as an average plant-C content corresponding to 45% of the dry matter (DM) [START_REF] Hamelin | Modelling the carbon and nitrogen balances of direct land use changes from energy crops in Denmark: A consequential life cycle inventory[END_REF][START_REF] Nguyen | Rhizodeposition of organic C by plants: mechanisms and controls[END_REF], the biopump yield must reach at least 9 t DM ha -1 year -1 (score 3 set for yield >10 t DM ha -1 year -1 ). It should be noticed that all the biopump candidates reported in tables S1-S2 englobe several sub-species, as further detailed in table S3 (for example, blueberry includes the following sub-species: Vaccinium corymbosum, Vaccinium angustifolium L, Vaccinium darrowii Camp, Vaccinium virgatum Aiton, Vaccinium elliottii Chapm).

The agricultural intensity criterion was divided into 3 sub-criteria to reflect the capability of the biopumps to grow with a minimal need for additional water, fertilizer, and pesticide input. For fertilizers, we only regarded nitrogen, due to its importance on global warming (N2O emissions) and our concern for GHG neutrality. The average of the three sub-criteria was used as the final score for 'agricultural intensity'. The risk of invasiveness of the biopump candidates was also assessed based on qualitative scoring. It was determined based on databases like Invasive Species Compendium(CABI, 2021) and Global invasive species database in France(Invasive Species Specialist Group, 2020).

Finally, the overall score by biopump was obtained by summing the five criterion scores.

Table 1 Semi-quantitative criteria matrix used to score and select the biopumps potentially adapted for France a .

Overall criteria Proved to be noninvasive a The background data used for the quantification are presented in table S5.

Sub- criteria 0 Score 1 2 3 Yield (harvestable) <2 t DM ha -1 year - 1 2~5 t DM ha -1 year -1 5~10 t DM ha -1 year -1 >10 t DM ha -1 year -1 SOC increase potential <0 g kg -1 or <0 Mg ha -1 0~0.1 g kg -1 or 0~0.35 Mg ha -1 0.1~0.3 g kg -1 or 0.35~1 Mg ha -1 >0.3 g kg -1 or >1 Mg ha -

Possible utilization of biopumps

The aboveground biomass can be transformed into bioeconomy products depending on the plant key components, classified as cellulose, hemicellulose, lignin, proteins, sugars, and lipids, with various other specific molecules that can be extracted, separated, and further processed. The main product categories include materials, chemicals, energy, and food/dietary supplements. In the perspective of CSAAP, the lifetime of the final product (and eventual co-products) should be as long as possible, to keep a maximum of C out of the atmosphere for as long as possible. While materials may have a use phase greater than 10-20 years, energy, food, and most feedstock chemicals are produced and used rapidly, typically with a turnover of a year or less [START_REF] Bataille | Physical and policy pathways to net-zero emissions industry[END_REF]. As an illustration, a non-exhaustive inventory of 29 plant-to-bioeconomy products is presented in the SI (table S6), including the main transformation process, product lifetime, and replaced conventional products.

2.2 Scaling up the potential to a country: available and suitable lands for biopump cultivation

The extent of available areas for biopump cultivation shapes both the negative emission and GHG mitigation potential at the scale of a territory. These areas will here be referred to as target areas [START_REF] Albers | A generalizable framework for spatially explicit exploration of soil carbon sequestration on global marginal land[END_REF], and should be selected at the light of both environmental considerations and biophysical considerations (i.e. ensuring that the selected biopumps can grow on these lands). On the basis of [START_REF] Guénon | Carbon and nutrient dynamics in short-rotation coppice of poplar and willow in a converted marginal land, a case study in central France[END_REF][START_REF] Thomas | Identifying non-agricultural marginal lands as a route to sustainable bioenergy provision -A review and holistic definition 135[END_REF][START_REF] Zhang | Modeled spatial assessment of biomass productivity and technical potential of Miscanthus × giganteus, Panicum virgatum L., and Jatropha on marginal land in China[END_REF], two main guiding principles are considered, namely (i) minimizing disruption of existing activities and (ii) excluding unsuitable areas.

The vision of CSAAP is to grow biopumps exclusively on areas with low SOC content. Using Food and Agriculture Organization's Global SOC data (FAO, 2019), the soils were classified into five SOC classes, namely <40, 40-50, 50-60, 60-70, and >70 t C ha -1 . A threshold can then be selected as a cut-off for 'C-rich' and 'C-poor' soils. Here, on the basis of [START_REF] Albers | A generalizable framework for spatially explicit exploration of soil carbon sequestration on global marginal land[END_REF], we propose the generic threshold of 50 t C ha -1 to distinguish between both. However, depending on the specific national context, a different threshold may be considered.

Besides this C-poor criteria, another key criteria is to prevent competition for arable land. As a general principle, this involves preventing biopumps are cultivated directly on arable land, where another crop is already grown. One exception to this, as further detailed in [START_REF] Gylling | The + 10 million tonnes study increasing the sustainable production[END_REF][START_REF] Hamelin | Harnessing the full potential of biomethane towards tomorrow's bioeconomy: A national case study coupling sustainable agricultural intensification, emerging biogas technologies and energy system analysis[END_REF][START_REF] Larsen | Possibilities for near-term bioenergy production and GHG-mitigation through sustainable intensification of agriculture and forestry in Denmark[END_REF], is the case where the use of arable land would not translate to additional land demand as the result of specific agricultural intensification measures, or in the framework of a larger bioeconomy strategy where demand and supply are balanced. For example, [START_REF] Larsen | Possibilities for near-term bioenergy production and GHG-mitigation through sustainable intensification of agriculture and forestry in Denmark[END_REF] describes the case of a grass biorefinery established on Danish rapeseed areas, producing both energy and a protein concentrate, the latter compensating for the rapeseed meal no longer produced in Denmark. In that specific case, it was also highlighted that only 60% of the rapeseed areas are currently connected to the food market, the remaining being used for the production of European biodiesel, a demand that may no longer exist in the future, as also highlighted by [START_REF] Ekvall | Attributional and Consequential Life Cycle Assessment[END_REF].

Plant species naturally growing on lands covered by shrubs or grasses (includes dense-, moderate, and spare grasslands) are often grazed. Yet, in many regions of Europe, North America, and Oceania, a significant surplus grass is available on these lands [START_REF] Prochnow | Bioenergy from permanent grassland -A review: 1. Biogas[END_REF], among others due to a decline in the number of ruminants (in these regions), as well as to animal performances improvements. The tendency documented in [START_REF] Prochnow | Bioenergy from permanent grassland -A review: 1. Biogas[END_REF] holds true today but has stabilized in the last five years (FAOSTAT, 2022; details in table S7). These areas of "surplus grass" could instead be used to grow biopumps with higher yields and SOC sequestration potential.

There is also the case of unused arable land, that is not put into production either because of economic reasons (land allowing better yields is available elsewhere; [START_REF] Richards | Reporting on marginal lands for bioenergy feedstock production: a modest proposal[END_REF] or because of organizational/societal reasons (e.g. abandoned land; [START_REF] Lewis | Mapping the potential for biofuel production on marginal lands: Differences in definitions, data and models across scales[END_REF]. Such lands are often referred to as marginal lands. These are the main target considered herein for biopump plantations.

It could be argued that other land types, such as urban areas or forests, could be converted for biopump implementation. Here, both options are disregarded, in the light of economic considerations for the former [START_REF] Ackerman | The potential for urban agriculture in New York City: Growing capacity, food security, and green infrastructure[END_REF][START_REF] Chin | Urban farming in Boston: A survey of opportunities[END_REF][START_REF] Saha | Geospatial assessment of potential bioenergy crop production on urban marginal land[END_REF] and environmental considerations for the latter (Müller-Wenk and Brandão, 2010).

Finally, it must be ensured that the selected biopumps can grow on target areas, i.e. that the environment in which they are grown lies within their tolerances to a variety of abiotic factors (e.g. in terms of soil pH, slope, temperatures in can tolerate, etc.), as further detailed in [START_REF] Albers | A generalizable framework for spatially explicit exploration of soil carbon sequestration on global marginal land[END_REF].

Carbon flow accounting

The CSAAP concept involves a strong time component of crucial effect on climate when emission and capture processes are combined. To investigate the viability of CSAAP, C flows are tracked from biopump cultivation through producing bio-based products, to the disposal. The potential benefit of biopump cultivation and utilization is ultimately determined by the net C capture and storage over time.

The CO2 from the atmosphere is photosynthesized in biomass (plant), part of which is decomposed on/in the soil and stored as SOC accompanied by CO2 release. The other part is harvested and enters the technosphere. From the technosphere, the biogenic C can be released into the atmosphere in different amounts depending on the anthropogenic products manufacturing and use. The global biogenic C balance can be written as:

𝑑𝐶 + 𝑑𝐶 + 𝑑𝐶 + 𝑑𝐶 = 0 (1)
where 𝑑𝐶 is the variation of C quantity in compartment i. Finally, the biogenic C stored 𝑑𝐶 is given by:

𝑑𝐶 = 𝑑𝐶 + 𝑑𝐶 + 𝑑𝐶 (2) 
With:

𝑑𝐶 = 𝐶 ̇ , + 𝐶 ̇ , -𝐶 ̇ , (3) 
𝑑𝐶 = 𝐶 ̇ , -𝐶 ̇ , -𝐶 ̇ , (4) 
𝑑𝐶 = 𝐶 ̇ , -𝐶 ̇ , -𝐶 ̇ , (5) 
The C released into the atmosphere: 𝑑𝐶 = -𝑑𝐶

With: 𝑑𝐶 = 𝐶 ̇ , -𝐶 ̇ , -𝐶 ̇ , (6) 
Where 𝐶 ̇ , are the C flows (t year -1 ) from compartment i to compartment j. Compartments include technosphere (tech), the entire biopump (plant), atmosphere (air), soil and subsoil (soil), C captured from the atmosphere by photosynthesis (air, plant), C released by bio-based product at end-of-life (plant, air), C released from the soil (soil, air), the portion of the plant remaining on/in soil (plant, soil), biogenic C from the technosphere possibly added in the soil, e.g., waste biomass used as fertilizer (manure) (tech, soil), and the biogenic C harvested (fraction of the biopump), transformed and used in the technosphere (plant, tech).

Result and discussion

3.1 Selected biopumps

Identified candidates

Tables S1 andS2 report both the minimum, maximum, and average SOC changes observed for the inventoried biopump candidates, along with additional information such as the number of measurements reported, their duration, location, associated soil depth, as well as the expected plantation lifetime. Although SOC changes are intrinsically tight to site-specific physical and managerial conditions [START_REF] Sanderman | Soil carbon debt of 12,000 years of human land use[END_REF] (hence why some biopumps show indications of both SOC increases and decreases), tables S1 and S2 nevertheless provide indications of which biopumps may inherently lead to greater transfers of C from the atmosphere to the soil than others. For instance, it can be noticed from table S1 that only acerola (Malpighia glabra L.), araucaria (Acacia mangium), and blueberry were not associated with dataset reporting SOC losses. Furthermore, olive (Olea europaea L.), blueberry, and araucaria can be highlighted as the woody species associated with the greatest SOC changes (table S1), while hemp (Cannabis sativa L.), ryegrass (Lolium perenne L.), and opuntia ficus-indica (Opuntia ficus-indica (L.) Mill) can be highlighted from the herbaceous species (table S2). Tables S1 andS2 also highlight that some biopump candidates have been much more studied than others; Miscanthus (Miscanthus x giganteus), switchgrass (Panicum virgatum L.), and willow (Salix spp.) notably present much more measurements data than the other candidates.

Selected biopumps for France

The results of the semi-quantitative selection criteria matrix (table 1) applied to France and on the basis of biopumps presented in table S1-S2, are presented in table 2. Accordingly, some species associated with high (or higher) SOC sequestration potential (tables S1-S2) do not figure on top of the list because of e.g., their low yield (e.g. opuntia ficus-indica, bungeana (Stipa bungeana)). As highlighted in table 2, the mean score for all woody and herbaceous candidates is similar, with 11.1 and 11.5 respectively (dimensionless, the maximum score being 15). The range of observed scores is greater for the woody candidates (8-14.3) than for herbaceous ones (6.3-13.3). For the woody candidates, there are eight species with scores above the mean, these are all already found in France, except microphylla (Caragana microphylla), which grows in Eastern Europe(POWO, 2021). For the herbaceous candidates, eight presented scores above the mean, and these are all currently found in the French ecosystem.

The yield of woody candidates (varying from 4.13 to 63 Mg DM ha -1 year -1 ; table S5) is on average 38% higher than the yield of herbaceous candidates (varying from 1.6 to 40 Mg DM ha -1 year - 1 ; table S5), and this is reflected in the scoring (average of 2.6 vs 2.2 for this criteria) since the top score was attributed for yields above 10 Mg DM ha -1 year -1 . The potential to enhance SOC was inventoried both in terms of concentration and stock, and concentration data were available for most candidates. The mean SOC concentration of woody candidates is similar to herbaceous candidates, and there are some species with outstanding values in both wood and grass (acacia and olive for wood, ryegrass for herbaceous). Hence woody and herbaceous candidates obtained the same score for the SOC criteria (table 2). In terms of agricultural intensity, the average score for herbaceous candidates is slightly higher (14%) than their woody counterparts, with korshinsk peashrub (Caragana korshinskii Kom) standing out from the woody candidates while Miscanthus and bahiagrass (Paspalum notatum Flüggé) for the herbaceous ones. Most candidates are already grown in France, while acacia is suitable for warmer regions, mostly reported in Latin America(CABI, 2021). Ramie (Boehmeria nivea L.) and bungeana grow in East Asia but are reported to be able to grow in even harder environments, thus are judged to be suited for French conditions [START_REF] Xu | Yield components of forage ramie (Boehmeria nivea L.) and their effects on yield[END_REF][START_REF] Yu | Response of stipa bungeana and pennisetum flaccidum to urine of sheep in steppe grassland of north-western China[END_REF]. Woody and herbaceous candidates are similar in terms of invasion risk; though this information was missing for some wood species. Poplar (Populus spp) and alder (Alnus glutinosa) grow in France, but korshinsk peashrub does not, and invasiveness risk is unclear.

In summary, among the fourteen woody and thirteen herbaceous candidates, eight were proposed in each group as potentially suitable biopumps in France. It should also be highlighted that, among the 

Bio-based products

The composition of the selected biopump candidates is presented in table S4. For the woody candidates, the cellulose content varies between 20% and 60% of the dry matter, while for the herbaceous selected candidates, it varies between 20 and 76% of the dry matter, highlighting suitability for possible uses as long-lived fiber products. Table S6 outlines a documented inventory of twentynine biomass-to-bioproducts conversion pathways mainly focusing on building materials, vehicle panels, packaging, and textiles, where the product's lifetime varies between days (e.g., fast-moving consumer goods such as food and energy) to potentially 100 years (e.g., hemp-based plaster material for walls, often referred to as "hemp concrete" [START_REF] De Bruijn | Mechanical properties of lime-hemp concrete containing shives and fibres[END_REF][START_REF] Ip | Life cycle greenhouse gas emissions of hemp-lime wall constructions in the UK[END_REF]).

The identified biopumps could provide products with short lifetime e.g., fruits or energy materials (opuntia ficus-indica, poplar), or products with longer lifetime using extracted fiber or shives (e.g.

transport pallet made from Miscanthus, panels for the automotive or construction sector made from hemp). Moreover, and despite not listed in table S6, wood could be used in long-lived products as furniture or as chips included in particleboard, these potentially lasting for decades [START_REF] Couret | Extraction and characterization of cellulose nanocrystals from post-consumer wood fiberboard waste[END_REF][START_REF] Spitzley | Life cycle assessment of office furniture products[END_REF].

The end-of-life management of bio-based products is similar to the traditional products they replaced, but have the advantage to be biodegradable, though not always if they were mixed with petrochemical additives (e.g. [START_REF] Rahman | An overview of non-biodegradable bioplastics[END_REF]). Recycling technologies are also in development [START_REF] Rosa | A comparative life cycle assessment of a composite component for automotive[END_REF]. Short lifetime implies short C stock turnover, but recycling being possible, one feasible compensation is to increase the number of use cycles. Notably, whether biobased products are used in building or as fast-moving consumer goods, they often replace a fossilbased alternative (table S6), thereby preventing the extraction and refining of petrochemical resources, and associated GHG emissions.

Quantifying target areas -case of France

For illustrative purposes, the methodology proposed herein was applied to the national case study of France. To screen land types with low initial SOC stock, the global soil organic carbon (GSOC) map of the FAO (FAO, 2019) was cross-referenced with French high-resolution land cover maps (the year 2018) [START_REF] Theia | Map of land use in metropolitan France -THEIA-LAND[END_REF] to identify the areas potentially suitable for biopumps (target areas). SOC values were extracted by masking the global map with the French boundary data obtained from the GADM database(GDAM, 2018). Three SOC stock ranges were considered (t SOC ha -1 ), namely <40, 40-50, and 50-60 (table 3).

After applying the selection rules (section 2.2), four out of twenty-three lands types of the French territory were identified as potential target areas, on the three SOC stock range categories. This includes lands currently used for rapeseed cultivation, natural grasslands, woody moorlands, and part of intensive grasslands (table 3). The case of rapeseed could be debated. Here, the rationale was, as detailed in section 2.2, that these can be considered, in part (here represented by the part grown on lands with <60 t SOC ha -1 ), as supplying a market (European biodiesel) foreseen to decline [START_REF] Staff | Rapeseed to decline in EU as biofuel wanes, exports to boost wheat: report[END_REF]. Of course, to respect the sustainability criteria detailed in 2.2, the portion of co-produced rapeseed meal no longer supplied must also be balanced, as detailed in e.g. [START_REF] Hamelin | Harnessing the full potential of biomethane towards tomorrow's bioeconomy: A national case study coupling sustainable agricultural intensification, emerging biogas technologies and energy system analysis[END_REF][START_REF] Larsen | Possibilities for near-term bioenergy production and GHG-mitigation through sustainable intensification of agriculture and forestry in Denmark[END_REF][START_REF] Gylling | The + 10 million tonnes study increasing the sustainable production[END_REF]. Natural grasslands are often characterized by low productivity grass (e.g. briar and heather), and woody moorlands are lands covered by spontaneous woody or semi-woody vegetation [START_REF] Inglada | Operational High Resolution Land Cover Map Production at the Country Scale Using Satellite Image Time Series[END_REF]. The biomass productivity on these two lands is low and typically not market-driven, accordingly they were selected as target areas. Intensive grasslands, on the other hand, cover a vast share of areas with SOC stock< 60 t C ha -1 . They are covered by dense grasses that are not under a rotation system. The vision is to use part (0-100%) of these (shares on areas with lower SOC stocks), for instead growing biopump species that have the potential to induce additional SOC compared to current grass.

It can be seen from Table 3 that the proportion of available target areas will differ significantly depending on the SOC threshold considered to define C-poor lands, passing from 14,600 km 2 (SOC < 40 tC ha -1 ), to 98,108 km 2 (SOC< 50 tC ha -1 ) and 98,191 km 2 (SOC< 60 tC ha -1 ). There is, thus, little addition (barely 83 km 2 ) by considering the areas in the category 50-60 tC ha -1 . On this basis, a threshold of SOC < 50 tC ha -1 was selected. Accordingly, the target areas are dominated by natural grasslands (42.7% of the target areas), followed by rapeseed lands (41.8%) and woody moorlands (15.5%). Depending on the extent to which intensive grasslands are considered (0-100%), the overall target areas amount to either 11,187 km 2 (0% intensive grassland) to 24,007 km 2 (100% intensive grasslands), equal to 11.4%-24.5% of total areas with SOC< 50 t ha -1 in France. The spatial distribution of target areas over France is presented in Fig. 1. 

SOC simulation and C sequestration

A continuous plantation from 2020 to 2100 was considered, with a rotation time of 20 years, the first year being dedicated to land preparation and second and third years being the establishment phase a : Values are rounded to a maximum of 3 significant digits b : chosen as target areas (no harvest the first two years, a harvest corresponding to 60% of yield the third year; [START_REF] Hamelin | Modelling the carbon and nitrogen balances of direct land use changes from energy crops in Denmark: A consequential life cycle inventory[END_REF]. This corresponds to four rotations. The evolution of SOC over the chosen time horizon was modeled with the C-TOOL software [START_REF] Taghizadeh-Toosi | C-TOOL: A simple model for simulating whole-profile carbon storage in temperate agricultural soils[END_REF]. The SOC model used in this software considers two soil compartments, i.e. topsoil and subsoil, each of them with three C pools: fresh organic matter, humified organic matter, and resistant organic matter. According to the C-TOOL simulation, after four rotations, the SOC increased from 42.35 (initial SOC) to 58.52 Mg ha -1 , which represents a 4.8‰ annual increase, slightly above the 4‰ objective advocated in [START_REF] Minasny | Soil carbon 4 per mille[END_REF]. Scaling this to the target areas of table 3 and equally distributing the sequestration over the 100 years, there could be 0.23 (0% intensive grasslands) to 0.49 Mt C year - 1 (100% intensive grasslands), translating to 0.83 to 1.78 Mt CO2 year -1 sequestered in France as a result of the Miscanthus cultivation. This figure covers only the Miscanthus production and disregards the sequestration that would have happened otherwise (e.g. as a result of rapeseed cultivation). These amounts nevertheless represent 0.19% to 0.41% of CO2 emissions annually from the 2015-2018 French carbon budget (431 Mt CO2-eq)(The High Council on Climate, 2019). This offsetting effect is here slightly overestimated (as foregone sequestration is disregarded), but would likely be more important when the whole biopump lifecycle is considered, as analyzed hereafter.

Dynamic C flows accounting

The case study aims at illustrating the partitioning of biogenic C between soil, technosphere, and atmosphere, considering 1 ha of the target area, and a 100-year time scope (2020-2120), encompassing the biopump cultivation and the anthropogenic products lifetime, with a 1-year time step. The biogenic fraction of the C from the harvested biopump (F) ending up stored in the anthropogenic products, as well as the anthropogenic products lifetime (L) are two key parameters. In this illustrative example, we consider three abstract narratives defining different F and L, namely:

-F100L100: the whole biogenic C harvested is stored in anthropogenic products with very long lifespan (e.g. a bio-based composite wall for buildings) and with multiple recycling loops, i.e.

an overall storage time of more than 100 years. No biogenic C is lost as gas.

-F100L1: the whole harvested C is used as anthropogenic products with short lifespan (1 year), with incineration as end-of-life (e.g. a biofuel).

-FxLy/Fx'Ly': part of biogenic C harvested is lost during the manufacture, with C fractions Fx and Fx' in the product and lost, respectively. All biogenic C is emitted as CO2 at the product end-of-life (e.g. incineration). Several combinations are considered for this example, with different lifetimes and carbon content (Fig. 2; additional combinations in Fig. S3). For tractability, manufacturing losses are considered to occur in year 1.

The year per year flows of biogenic C involved, from/to the atmosphere, were calculated through a mass balance, as detailed in appendix II. The actual year per year effect on global mean temperature change (GMTC) was calculated based on the impulse response function approach recommended by IPCC [START_REF] Stocker | Technical summary[END_REF] and using the Python-based CCI-tool software [START_REF] Tiruta-Barna | Climate Change Impact tool[END_REF] developed in a previous study [START_REF] Shimako | Sensitivity analysis of temporal parameters in a dynamic LCA framework[END_REF]. For tractability reasons, it was considered that there are no differences in terms of CO2 and other GHG emissions from the background activities (e.g. electricity, fertilizers) among the narratives illustrated herein. Therefore, the focus is maintained on the differences in biogenic C flows induced by different L and F only.

The evolution of the annual stocks is shown in fig. 2a Fraction of C stored per year

Year F100L100 F70L50/F'30L'1 F70L20/F'30L'1 F70L10/F'30L'1 F100L1 Stock formed Stock consumed a b
The behaviors vary between two extreme situations: F100L100, i.e. all the harvested C is embedded in a product with a very long lifespan, and F100L1, i.e. all the harvested C is immediately released to the atmosphere due to the end-of-life of very short-lived products. While the former allows for significant stocks over the entire time horizon (except the inter-rotation periods), the latter, on the contrary, retains relatively little C and even offsets a part of the SOC stock formed after two rotations.

For the other three intermediate situations, we observe a reduction of stock formation in time, highlighting the importance of the product lifetime. For example, F70L50/F'30L'1 creates stocks until about 2070, when end-of-life emissions start for the first products; at this time, the biogenic C embedded in the products is released as CO2, and the process replicates each year for the subsequent products. The positive peaks (stocks) observed (especially in the case of F70L10/F'30L'1) correspond to years where no product reaches the end-of-life (no emissions). Then, the C fraction incorporated into the long-lived products affects the stock amount, visible on the plateau values for F100L100 and F70L50/F'30L'1. It can be concluded that the higher the fraction stored and the longer the lifetime, the longer the time horizon over which the stocks are effective, and the lower the overall CO2 flow (fig. S2).

Fig. 2b represents the effect of biogenic C balance (for 1 ha of land) on GMTC. Negative values indicate a beneficial effect (temperature decrease) and can be considered as targets. This representation clearly indicates that the short-lived products with end-of-life emissions occurring <1-year (e.g.

F100L1

) have little mitigation capacity, which vanishes after two rotations. On the contrary, the more the end-of-life emissions are postponed (or suppressed), the greater the beneficial effect. Here also a negative GMTC peak is observed, corresponding to the lifespan of the first products manufactured, and postponed by several years due to thermal inertia of Earth (e.g. in 2077 for F70L50/F'30L'1).

After this time, the benefit diminishes until circa 80 years when the biopump culture and transformation into products are stopped. Till 2100, all scenarios except F100L1 are negative in GMTC, contributing to mitigating climate change. After 2100, the end-of-life effect is observed with a positive spread of GMTC over time until the last product disappears from the technosphere. Within the time boundary 2020-2120, C in F70L10/F'30L'1 is released to the atmosphere, causing GMTC to rise above 0 K; the same happens in F70L20/F'30L'1 but later. The benefit of suppressing the end-of-life emissions can be countered by a lower utilization fraction F in long-lived products, and trade-off situations between parameters L, L', F, and F' can occur (additional examples are given in Appendix I, fig. S3). Many other parameters influence the C stocks and their evolution in time, therefore detailed analyses are necessary before the practical implementation of a biopump. For example, the effect of initial SOC (100 Mg ha -1 instead of 42 Mg ha -1 ) and temperature (higher by 2℃) on GMTC results for F100L1 (all biogenic C is released within 1 year) are presented in Appendix I, Fig S4; in these conditions, there is no more mitigation potential.

Perspective and limitations

This study endeavored to propose and demonstrate the concept of CSAAP and biopump, further investigating the possible candidates and climate mitigation potential. Some limitations and perspectives can be highlighted:

 The list of potential biopumps obtained herein is based on available studies, mainly captured in [START_REF] Ledo | A global, empirical, harmonised dataset of soil organic carbon changes under perennial crops[END_REF]' meta-study on perennial plants, but more comparative data on both the species already documented and eventual additional ones (e.g. annual plants) would enhance the statistical robustness of this list. Moreover, the suitability for cultivating these on a studied territory was here determined based on a qualitative scoring matrix: this could be refined by cross-referencing spatially-explicit data on biopump tolerances and pedoclimatic data, among others.

 The equal weight given to the selection criteria could be challenged, and be considered in a more spatially-explicit manner, tailored to the specificities of each biopump-target area combination. One additional aspect that could be considered is the potential biodiversity impacts occurring as one land use is converted to biopump cultivation. These impacts will differ according to the type of initial land use being converted and could be considered according to different methodologies and metrics [START_REF] Feest | Nitrogen deposition and the reduction of butterfly biodiversity quality in the Netherlands[END_REF].

 Albeit the focus is here on CO2 emissions, other greenhouse gases and emission flows need to be fully considered in order to fully address the trade-offs (if any) between negative emissions and overall environmental mitigation.

 The goal at this stage was not to determine the optimal biopump-anthropogenic product combination, but to present a methodology to do so, and to assess the magnitude of CSAAP as a strategy for controlling global warming. The real benefit of the implementation in the real world must be evaluated by integrating the entire anthropogenic system with associated technological GHG emissions and petrochemical product substitutions (e.g. fossil-based), by DLCA methodology for instance (e.g. Beloin-Saint-Pierre et al., 2020). Also, demonstration sites with actual biopump cultivation on relevant target areas would, as for most soil-based solutions for negative emissions [START_REF] Romanenkov | Soil organic carbon dynamics in long-term experiments with mineral and organic fertilizers in Russia[END_REF], be useful to validate the simulation results of this study.

Conclusions

In this study, the concept of storing carbon in both arable lands and anthropogenic products (CSAAP) has been demonstrated, in order to meet the challenges of inducing additional CDR (negative emissions) and CO2 mitigating effect. It builds upon the biopump concept, i.e. plants able to induce a net transfer of C from the atmosphere to the soil that are grown on "low-impact" lands, and used as long-lived bio-based products in the technosphere. Here, we presented and demonstrated a 4-steps framework that can be applied to any region. The framework is composed of four steps and builds upon publicly available data and simulation tools: i) identification of biopump candidates, ii) selection and ranking of biopumps for the region of interest, iii) identification and selection of target areas

Fig. 1

 1 Fig. 1 Target areas identified as potentially suitable for biopumps implementation in France, without (left) and with (right) intensive grasslands.

  Transformation and fate of C between these compartments and pools are endogenously modeled, including mineralization to gas, with calibrated first-order reaction kinetics, depending on temperature and clay content. The main output of C-TOOL is the yearly evolution of the soil stock. The key input includes: (i) the annual input of C to soil (farming practices dependant), (ii) soil clay content (retrieved from Harmonized World Soil Database for 1-m depth; Nachtergaele et al., 2012), (iii) soil C: N ratio (11) (Clivot et al., 2019; Launay et al., 2021), (iv) initial SOC stock (FAO, 2019), (v) year per year average monthly air temperature (SICLIMA data of DRIAS CERFACS, IPSL, last updated May 2013, for the RCP4.5 climate trajectory, downscaled by the model CNRM-CERFACS-CM5/CNRM-ALADIN63).

Fig. 2

 2 Fig. 2 Carbon flows analysis (a) fraction of biogenic carbon stored per year, (b) global mean temperature change

Table 2

 2 Biopump ranking results a

	Biopump

Table 3 .

 3 Land cover types in France (2018) on C-poorer lands, detailed for 3 SOC range categories a

	Land cover type	SOC< 40 tha -1 km 2 %	SOC in 40-50 tha -1 km 2 %	SOC in 50-60 tha -1 km 2 %
	Continuous Urban	39.7	0.27%	47.1	0.06%	0.05	0.06%
	Fabric						
	Discontinuous Urban	1,470	10.1%	5,740	6.88%	13.8	16.70%
	Fabric						
	Industrial and	1,450	9.91%	5,290	6.34%	6.24	7.55%
	Commercial Units						
	Road Surfaces	64.1	0.44%	168	0.20%	0.29	0.35%
	Rapeseed lands b	156	1.07%	4,620	5.53%	0.76	0.92%
	Cereal Straw	1,170	8.04%	17,600	21.1%	8.59	10.4%
	Legumes/Protein	79.8	0.55%	1,070	1.29%	0.39	0.48%
	Crops						
	Soybean	126	0.87%	658	0.79%	0	0.00%
	Sunflower	586	4.01%	3,410	4.09%	0.07	0.09%
	Corn/Maize	425	2.91%	5,120	6.14%	3.61	4.36%
	Rice	6.06	0.04%	73.5	0.09%	0	0.00%
	Roots and Tubers	29.4	0.2%	2,000	2.39%	3.01	3.64%
	Intensive Grasslands b	1,020	7.01%	11,800	14.1%	12.7	15.3%
	Orchards	373	2.55%	641	0.77%	0	0.00%
	Vineyards	2,790	19.1%	3,110	3.73%	0.05	0.07%
	Broad-leaved Forests	1,590	10.9%	11,800	14.1%	19.8	23.90%
	Coniferous Forests	1,040	7.11%	4,750	5.68%	7.91	9.56%
	Natural Grasslands b	1,510	10.3%	3,170	3.8%	0.88	1.07%
	Woody Moorlands b	384	2.63%	1,350	1.62%	1.65	1.99%
	Bare Rock	32.2	0.22%	46.2	0.06%	0.21	0.25%
	Beaches, Dunes and	22.6	0.15%	47.6	0.06%	0.69	0.83%
	Sand						
	Glaciers and perpetual	0.84	0.01%	0.46	0.00%	0	0.00%
	Snow						
	Water Bodies	235	1.61%	969	1.16%	2.06	2.49%
	Total	14,600	100%	83,500	100%	82.8	100%

  as a fraction of the C absorbed i.e. 𝑑𝐶 /𝐶 ̇ , , for each couple of parameters (L, F). Positive values indicate the stock formed while negative values indicate stock consumed per year. The decrease in stock every 20 years corresponds to the land preparation phase between 2 rotations (bare soil). One should note the variety of behaviors and the difficulty of qualifying the mitigation potential of each case.

	470
	471
	472
	473
	486
	487
	488
	489

Acknowledgments

This work was carried out within the research project Cambioscop (https://cambioscop.cnrs.fr), partly financed by the French National Research Agency, Programme Investissement d'Avenir (ANR-17-MGPA-0006) and Region Occitanie (18015981). Additional funding was supplied by the Chinese Scholarship Council (201801810082).

selected woody candidates, some species supply a third service on top of C sequestration and biomass 332 production, namely the production of marketable fruits (i.e. blueberry). 333 334 335 suitable for sustainable biopump plantation, iv) assessment of the mitigation potential over time. The case study confirmed the relevance of CSAAP as a climate mitigation strategy, as it was shown to lead to net long-term reductions of GMTC after 100 years, under ideal conditions (100% conversion of biomass C to the bio-based product, having a 100-year lifetime). Less ideal conditions were also shown to lead to GMTC reductions in the shorter term, the extent of which was essentially shaped by the product lifetime. For greater flexibility towards climate mitigation, CSAAP strategies considering shorter/longer product lifetimes need to be assessed along with other mitigation strategies (e.g. methane emission reduction) themselves having different temporalities in terms of GMTC reductions achieved. In France alone, we identified 11,187-24,007 km 2 of potential target areas, expecting to stock the equivalent of 0.23-0.49 Mt SOC per year, over 100-year. This represents 0.19-0.41% of France's annual CO2 emissions, and up to 13% if all produced biomass is stored in the technosphere over 100years.
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Appendix

Appendix I provides tables and figures. Appendix II is an excel sheet with carbon flow calculations for the given example.