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Abstract

:

Conceptualized by the Food and Agriculture Organization in 2010, climate-smart agriculture aims to simultaneously tackle three main objectives. These are increasing food security, building the resilience of agricultural systems for adaptation to climate change and mitigation of GHG. As much research focuses on one of these three objectives, our understanding of how agricultural systems address these three challenges simultaneously is limited by the lack of a comprehensive evaluation tool. In order to fill this gap, we have developed a generic evaluation framework that comprises 19 indicators that we measured in a sample of 12 representative farms of the North Basse-Terre region in Guadeloupe. The evaluation revealed clear differences in the performance of these farming systems. For example, nutritional performance varied from 0 to 13 people fed per hectare, the average potential impact of climatic conditions varied from 27% to 33% and the GHG emissions balance varied from +0.8 tCO2eq·ha−1 to +3.6 tCO2eq·ha−1. The results obtained can guide the design of innovative production systems that better meet the objectives of climate-smart agriculture for the study region. The evaluation framework is intended as a generic tool for a common evaluation basis across regions at a larger scale. Future prospects are its application and validation in different contexts.
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1. Introduction


Agriculture strongly affects ecosystems worldwide and is the cause of a broad range of environmental, economic and social issues at the local and global scales [1]. Agriculture, as the second major source of greenhouse gases, greatly contributes to global climate change, which is accelerating and pushing natural Earth systems into a new state [2]. This change has been characterized by a rise in average temperatures, changes in rainfall amounts and distribution, and an increase in extreme climate events, such as hurricanes and droughts [3].



Agriculture is not only contributing to climate change but is also being severely impacted by it. To address this issue, the FAO proposed that agriculture should evolve and adapt to climate change and the mitigation of greenhouse gases (GHG), in addition to sustainable increases in farm productivity, by introducing the concept of climate-smart agriculture [4,5]. Climate-smart agriculture (CSA) is an approach for agricultural systems to support food security under new climatic conditions. In addition to the adaptation and mitigation of climate change and the insurance of food security, the objective of climate-smart agriculture is to increase the adaptive capacity of farmers and resilience and resource use efficiency within agricultural production systems. The intertwining of policies, private investment and landscape affects the implementation of CSA [6,7].



Each farm develops in a particular pedoclimatic, social and economic context; the results of their sustainability assessments can vary with regard to constraints and opportunities in the context. Stakeholders are often seeking context-specific tools and are interested in comparing results with other regional producers, using a tool to take into account the regional context, arguing that the harmonization of assessment tools can be detrimental [8,9]. However, a context-specific approach is less suitable for comparing the performance of different sectors, and countries and may overlook global sustainability issues; this highlights the dilemma between generic and specific approaches [10,11].



Survey- and indicator-based assessment tools are the most widely used for the agricultural sector [8,12]. Although key principles were defined for the selection of indicators, literature reviews show that they vary widely in scoring methods, context-specificity and assumptions [9,13]. This is due to differences in value judgments, prioritizations in the selection of indicators, spatial and temporal scales, system boundaries, and target groups [14]. In addition, in trying to capture overall the sustainability of production systems, an important number of indicators are used for covering each aspect of the sustainability dimensions [15,16,17]. The SAFA guidelines are a typical example where 118 indicators representing 22 themes and 5 dimensions were proposed for defining universal sustainability goals and establishing a widely accepted layout for sustainability in agriculture and food [18]. Therefore, to address the complexity of interpreting such a large number of indicators, normalization and aggregation are common steps after indicator measures are quantified to deduce information and understand losses [19,20].



Comparing farms around the world is nonetheless of great importance as CSA is a global project. Indeed, that could enable the highlighting of regions, territories or nations where CSA is sufficient to determine where solutions can be found to better orient farm design or agricultural policies and landscape planning, or simply to evaluate the performances of a production system compared to others. Generic tools have been developed for sustainability assessments of farms [10,18,21,22], but literature reviews show that no formal and exhaustive method is available for CSA and that there is a need for reliable metrics [23,24]. Some research is underway to develop such tools, but they must rely on an important number of indicators to cover the three pillars of CSA [25].



In the present study, we argue that current CSA assessment tools could be improved with regard to their completeness (targeting the three pillars) and significantly simplified through a holistic approach toward agricultural issues. This development could be interesting when the goal is the comparison of farming systems at the global scale for (1) stakeholder comparisons of local and international performances or (2) the selection of promising farming systems and landscape planning.



CSA targets a sustainable “triple-win” objective [4], and this concept encompasses most present and future agricultural issues. In doing so, CSA is a relevant concept for building a farm-level generic metric assessment framework. The aim of this study was to propose and apply a relevant short, transparent and easy-to-implement set of farm-level indicators for a holistic and generic assessment of CSA. The target group is stakeholders seeking a diagnosis method for farms to highlight critical performance and improve in the face of climate change issues and for policy orientation at the regional scale to facilitate the transition toward CSA.




2. Materials and Methods


2.1. Study Site


The assessment framework was applied in Guadeloupe, a French Overseas Department of the West Indies in the Caribbean (latitude 16°13′ N, longitude 61°34′ W). Guadeloupe is an archipelago (1628 km2) comprising two main islands, Basse-Terre (848 km2) and Grande-Terre (586 km2), with high variations in an ecological context. Sierra et al. [26] divided the archipelago into five agroecological regions that are homogeneous in terms of soil type and climate conditions. This study focused on a specific region, Nord Basse-Terre, of approximately 360 km2 and with 92,000 inhabitants [27]. This agroecological region is characterized by an annual mean temperature and rainfall of 25.4 °C and 2300 mm·year−1, respectively, and kaolinitic ferralsols developed from old volcanic ash deposits.




2.2. Characterization of Farming Systems and Their Diversity


To determine to what extent the study region met the objective of CSA, the diversity of existing farming systems was first characterized with a farm typology. Crop rotations represent the outputs of farmers’ decisions based on their objectives, constraints and biophysical context. To build the farming system typology, data were used on crop acreages, slopes and farm size, which are easily available worldwide based on surveys or databases, such as the IACS for the European Union [28]. In this study, the 2010 governmental farmers’ declaration data of areas and crop rotations of the farming system (methodology described in Todoroff et al. [29]) was used as input data to build up a typology, which represented approximately 80% of the agricultural fields of the archipelago. According to those data, the region comprised 849 farms representing 5035 ha (i.e., 18% of the whole archipelago’s agricultural land area). The typology was obtained following the method detailed in Chopin et al. [30], combined with principal component analysis of the proportion of crops in farm areas with a hierarchical ascending clustering on the resulting principal components to obtain four groups of farms. For each of the four types of farms established from the typology obtained, three farms were randomly selected and surveyed (stratified sampling). To scale up, the assessment results were extrapolated to the whole farming system of the study region using the share (in terms of acreage) of each group.




2.3. Define the Objectives and Boundaries


A list of generic indicators of CSA that could be relevant to most biophysical contexts articulating the key concept of sustainable food security, GHG mitigation and adaptation of agricultural systems was defined. In this study, CSA encompassed economic, social and environmental components of sustainability, reorganizing these three classical dimensions into the three pillars of CSA, placing climate change issues at the center.



The indicators were selected and designed to be relevant, easy to understand, reliable and based on easily accessible data, following the recommendations of Bockstaller et al. [31]. The assessment, carried out at the farm scale, is more relevant for farmers and is readily upscalable for decision-makers and regional policies. Some indicators are related to on-site issues (e.g., “Irrigation/rainfall”, “SOC (soil organic carbon) variation”), while others are related to off-site issues (e.g., “GHG emissions”, “%Renewable”). Energy and material flows are accounted for during a whole crop rotation and until production reaches the farm gate and then converted for one hectare and one year of production. Figure 1 is a representation of the boundaries of the conceptual model of farms used in this research.




2.4. Construction of the Set of Indicators and Its Calculation


The first step was to define the three CSA pillars and their attributes. The three classical dimensions, economic, social and environmental [32], were taken into account for the definition of these three pillars. During successive workshops and oral presentations between researchers/technicians, farmers and decision-makers, the indicators covering those three dimensions were selected to describe the outcomes with regard to the three pillars of CSA. The selection should respond to the four main characteristics of a good indicator, with a reduction in the number of indicators when (1) the indicators are redundant (one can be estimated from the other) and (2) they are not generic enough for comparison between farms from contrasting contexts. We followed a holistic understanding of the farms in order to obtain as small a set of indicators as possible. To obtain indicators that were as generic as possible, we took into account the regional context when relevant, e.g., for the indicator “Irrigation/rainfall”, we weighted the annual farm water requirements by the annual volume of rainwater intercepted by the farm area. Figure 2 is a synthesis of the indicators of each pillar used in this study and for CSA assessment at the farm scale.




2.5. Indicators Selected and Calculation Methods


2.5.1. Food Security


1- Autonomy (%)



The indicator of autonomy measures the farmer’s dependency on public support. Although agricultural subsidies have beneficial effects on employment in some cases [33,34], most studies associated farm dependency with negative outcomes [35,36] and significant issues either on out-farm migration/rural employment [37], environmental impact [38,39] or technical efficiency [40]. These issues are directly related to food security. Thus, it is important to have an overview of farmers’ dependency on public support and then analyze their interactions with sustainability levels during the codesign of farming systems.


   Autonomy    =    (   Income    −    Subsidies   )    Income   ∗ 100  











Income = gross margin − amortization − fix charges − taxes (US$/year)



Gross margin = gross product − variable cost + subsidies (US$/year)



Gross product = value of commercialized products (US$/year)



2- Investment Cost (US$/ha)



The investment cost measures the amount of investment of equipment and inputs per hectare. This indicator reflects both economic (feasibility) and social (risk) aspects impacting the rate of adoption of the system and, therefore, its potential role in food security improvement. It could be weighted by a regional economic indicator (e.g., gross domestic product, saving per capita) to take into account the economic context, but the value itself is more relevant, and its conversion into USD was considered sufficient to make this indicator generic.


   Investment   cos t  =    Investment   cos t      Ta    











Investment cost: capital invested for the installation and the first year of production, including fixed and variable charges (US$)



Ta: total area of the farm (ha)



3- Gross Margin (US$/ha/year)



This indicator provides important information about economic performance per unit area. In addition to providing information about the acceptability of the system, it addresses the available agricultural land area (ALA) and its potential employment creation rate at the regional scale and, therefore, the potential role of the system in improving food security. As for the investment cost, conversion into USD was considered more relevant and generic than the weighting by another local economic indicator. It takes into account the labor cost; then, the wage of the household labor is subtracted from the gross product.


   Gross   margin    =    Gross   product  +    Subsidies  −  Variable   cos ts      Ta    











Gross product = value of commercialized products (US$/year)



Variable costs: labor (including family labor), fuel, fertilizer, etc. (US$/year)



Ta: total area of the farm (ha)



4- Labor Requirement (FTE/ha/year)



Labor requirements were used to evaluate the significance of the farm on employment at the regional scale and then the impact of the adoption of new practices or farming systems. This indicator gives information on the rural employment potential of the system, which is indirectly related to food security. The average standard annual full-time equivalent (FTE: 1650 h in this study) needed to be adapted in relation to the region under study to make the indicator generic.


   Labor   requirement    =   Labor   1650  ∗ Ta     











Labor: total labor (including direct services and family labor) (hr/year)



Ta: total area of the farm (ha)



5- Labor Productivity (US$/h)



This indicator is a measure of the work efficiency of a household. It is based on the gross margin and takes into account labor costs (including family labor) at the hourly minimum rate applied in the study region. It provides information directly on the technical efficiency and attractiveness of the system and indirectly on working conditions, impacting both its potential adoption and role in addressing food security. Improving labor productivity in the agricultural sector is also a way of reducing inequalities at the regional scale [41,42].


   Labor   productivity    =    Gross   margin    Labor    











Gross margin = gross product − variable cost (inputs, labor, etc.) (US$/year)



Gross product = value of commercialized products (US$/year)



Labor: total labor (including direct services and family labor) (h/year)



6- Complex and Simple Carbohydrates, Saturated and Unsaturated Lipids, and Protein Performances (Pers./ha/year)



These indicators are measures of the ratio between the annual macronutrient production of the farm and the average daily reference intakes. They may be the most important indicator of food security because they are directly related to food production efficiency, which is the first issue to address in a fast-growing world population. Moreover, sustainable or agroecological management can be more context-dependent, making yield gaps an important issue regarding their ability to feed people [43,44]. In this study, we considered an average 2800 kcal·day−1 with 7.5% from saturated lipids, 15% from unsaturated lipids, 10% from simple carbohydrates, 55% from complex carbohydrates and 12.5% from proteins [45,46]. Finally, this indicator addresses the issue related to the reduction in production diversity (linked to malnutrition) that can accompany policies of agricultural intensification [47].


   Protein    =    (  PA −   INPUT   PA    )   ∗    δ A   +  (  PV −   INPUT   PV    )   ∗  δ V        T a  ∗      W P     ∗    365    










  Complex carbs =   CAC −  INPUT CAC     T a  ∗  W CAC  ∗ 365   Simple carbs =   CAC −  INPUT CAC     T a  ∗  W CAC  ∗ 365    










   Saturated   lipids  =   LIS −   INPUT   LIS         T a  ∗   W    LIS      ∗    365      Unsaturated   lipids  =   LIU −      INPUT    LIU         T a  ∗   W    LIU      ∗    365    











P: edible animal (PA) and vegetal (PV) protein production (g/year)



CA: edible complex (CAC) and simple (CAS) carbohydrate production (g/year)



LI: edible saturated (LIS) and unsaturated (LIU) lipid production (g/year)



INPUT: inputs of edible animal (INPUTPA) and vegetal proteins (INPUTPV), simple (INPUTCAS) and complex (INPUTCAC) carbohydrates, and saturated (INPUTLIS) and unsaturated (INPUTLIU) lipids (g/year)



w: proteins (P), complex (CAC) and simple (CAS) carbohydrates, saturated (LIS) and unsaturated (LIU) lipids, reference intake (g/pers./day)



δ: Assimilation rate for animal (A: 95%) and vegetal (V: 80%) proteins in humans



Ta: Total area of the farm (ha)



We considered the average value of those five indicators as the “average nutritional performance”, which is a tradeoff between quantity and quality and a useful value for interpreting other indicators. The minimum value of these five indicators could be considered, but we should also take into account the complementarity of farm production at the regional scale.




2.5.2. Adaptation


1- Climate Potential Impact (%)



Vulnerability to climate change is a function of Sensibility * Exposure * Adaptive capacity [48]; however, adaptive capacity was not taken into account in the indicator “climate potential impact” proposed here for two main reasons: (1) it is complex because it depends on many variables, mainly social, technological and economic, from the field to the national scale [49,50], that should be specifically studied in relation to stakeholders, such as industrials, insurers, politicians, associations, the media, schools, communities and consumers; (2) at the farm scale, adaptive capacity is also closely related to the overall performance of the indicator framework proposed here. For example, level of autonomy is an indicator of the capacity of a farmer at the local level to make rapid decisions with regard to the farm’s surrounding environment or for labor productivity, which brings indirect information about the potential asset of a household. Finally, the economic diversity indicator (see below) also provides information about the resilience of the system, which is related to adaptive capacity. For these reasons, the factor “Adaptive capacity” was not taken into account, and the indicator was a function of Sensibility * Exposure.



We evaluated those two variables with a “semiquantitative” approach on a High (3)—Medium (2)—Low (1)—Negligible (0) scale for the five following hazards: flooding, drought, temperature rise, sea level rise and cyclones [51]. The scale followed an index-based methodology relying on (1) 6 “agroclimatic indicators” for the assessment of field exposure to climate hazards and (2) 22 indicators for the assessment of field sensitivity, split into three dimensions: “crops biology and ecophysiology”, “landscape characteristics” and “agricultural practices”. In this study, (biophysical) exposure was strictly the magnitude, intensity or variability of external climate parameters, while (biophysical) sensitivity was strictly the degree to which the biophysical part of the system was (potentially) affected (adversely or beneficially) by climate-related stimuli.



2- Economic Diversity (Dimensionless)



The economic diversity indicator measures the diversity of activities at the farm level, assuming that the greater the number of activities, the higher the economic risk. Agricultural biodiversity is an important lever to improve resilience and climate change adaptation in addition to food security [52,53]. The indicator proposed here is adapted from the “Shannon diversity index” and provides a measure of crop diversity in relation to economic value, i.e., gross margins. We could have shared gross margins between valuable crops (converting self-consumed production into economic values) and crops that cannot be directly valued, but we found it more relevant and generic to take into account only valuable crops for the calculation method. In the case of pastures, we shared the value of livestock production between the different crop species comprising the pasture, with an arbitrary relative abundance above 10% in terms of area (visual estimations). This threshold of 10% could be changed in situations of very high species richness, with similar relative abundances.


   Economic   diversity    = −   ∑  i   p i  ∗   log  2   p i   










     With   p   i    =     GM  i      GM  T     











GMi: the annual gross margin derived from crop species i (US$/year)



GMT: the total annual gross product (US$/year)



3- Active Ingredients (kg/ha/year)



This indicator is the unique value dealing with ecotoxicological (also the indicator “inorganic nitrogen” to a lesser extent), human health and work conditions pressure, providing a global measure of the amount of pesticide active ingredients used per unit area. It does not take into account the specific toxicity of products or their method of application like other indicators [54] and seems to be one of the less predictive for ecotoxicological impacts [55], but it is easier to use and easily understandable by stakeholders. Moreover, considered here, sharing information about the toxicity effects of different products for the same purpose should be a specific policy task that allows for optimal choices by farmers.


   Active   ingredients    =     ∑  i   A i    Ta    











Ai: annual active ingredient input from pesticide i (kg/year)



Ta: total area of the farm (ha)



4- Inorganic Nitrogen (kg/ha/year)



The input of inorganic nitrogen is a proxy indicator for leaching risks when compared with production outputs (food, energy) but also for the dependency of the farms on fertilizers and fossil fuels. In this framework, for the same productivity, the less the system depended on external inputs, the more it relied on ecosystem services and, therefore, the more it was integrated/adapted to its environment. Organic nitrogen was not taken into account for three main reasons: (1) the application rate by farmers can vary greatly from year to year due to socioeconomic constraints, weather hazards or compost quality; (2) organic nitrogen presents a wide range of environmental impacts depending on the age and quality of the amendments, management and yields; and, (3) globally, fertilization with organic materials is a means of recycling terrestrially available N, thereby reducing inputs to the biosphere. Moreover, in 2010, inorganic nitrogen corresponded to more than 51% of nitrogen input in agriculture and approximately 14% of GHG agricultural emissions, while compost/manure applied to soils corresponded to approximately 15% of nitrogen input and 4% of GHG agricultural emissions [56,57,58]. Hence, in the actual context of climate change and the increasing scarcity of fossil fuel resources, inorganic nitrogen appears to be a relevant and easier-to-implement indicator of adaptation.


   Inorganic   nitrogen    =  N  Ta    











N: total inorganic nitrogen input (kg/year)



Ta: total area of the farm (ha)



5- Irrigation/Rainfall (%)



This indicator provides important information about the dependency and pressure of the farm on water resources and its level of integration/adaptation in the agroecological region under study.


  Irrigation /  rainfall    =    Irrigation   water       Rr ∗ Ta    ∗ 100  











Rr: rainfall of the study region (m/year)



Ta: total area of the farm (m2)



Irrigation water: volume of water from the irrigation grid (m3/year)



6- Renewable Fraction (%)



This indicator is inherited from the emergy accounting method, which is one of the most holistic methods for the assessment of direct and indirect energy flows supporting a production system. “Solar emergy is the available solar energy used up directly or indirectly to make a service or product. Its unit is the solar emjoule (abbreviated sej)” [59]. The unit emergy value (UEV) is the amount of embodied energy (expressed in sej) required or used up for one joule of product or service created.



Emergy accounting is a biophysical analysis based on a unique approach considering sunlight, earth-moon-sun gravitational attraction (EMSGA) and earth internal heat (EIH) as the three primary energy sources of all other energies and materials in the biosphere embodied in transformation processes. The EMSGA and EIH were expressed in relation to solar energy, leading to the two first UEVs, renamed the SER (solar equivalence ratio) because, strictly speaking, the EMSGA and EIH are not produced from solar energy. However, in doing so, the emergy method provides one universal energy unit: the “solar emergy joule” (sej); three initial energy sources: sunlight, EMSGA and EIH; and three initial SER: 1 sej/J of sunlight, 30,900 sej/J of EMSGA and 4900 sej/J of EIH.



From this starting point, this method enables the UEV calculation of ecosystem services to anthropogenic goods and services by tracing back all energy flows on the same unit basis. A significant body of literature on the emergy assessment framework is available [60].



After defining the boundary of the system, different indicators can be calculated from emergy accounting. One of them is the “renewable fraction” as the renewability of energy is an important factor in adaptation and mitigation strategies [61]. The indicator “renewable fraction” was calculated following the methodology of Odum [59] and also accounting for the renewable fraction of purchased inputs as proposed by Cavalett et al. [62]:


   % Renewable    =    (   ∑    Em  i     ∗ % Renewable   i   )   Y   











Y: the total emergy released (sej/year)



Emi: the emergy content of input i (sej/year)



%Renewablei: the renewable fraction of input i (%)




2.5.3. Mitigation


1- Greenhouse Gas Emissions “GHG Emissions” (tCO2eq/ha/year)



The GHG Protocol Corporate Standard classifies GHG emissions into three “scopes” [63]. Scope 1 emissions are direct emissions from owned or controlled sources; scope 2 emissions are indirect emissions from the generation of purchased energy and scope 3 emissions are all indirect emissions (not included in scope 2) that occur in the value chain of the system. Moreover, for various categories of emissions activities, the IPCC guidelines [64] provide several options for calculating emissions, described as “tiers”. There are three levels of tiers: tier 1, tier 2 and tier 3, referring to calculation method accuracy. In the present framework, measuring GHG emissions was proposed using the “tier 1” method and “tier 2” to a lesser extent when data are available. The tier 1 frameworks are less accurate than others but “are designed to use readily available national or international statistics in combination with the provided default emission factors and additional parameters provided, and therefore should be feasible for all countries” [64]. The use of such an indicator would ease the comparison of many farming systems. Removal of GHG through CO2 sequestration is not included in the “GHG emissions” indicator but in the “SOC variation” indicator, accounting for soil organic carbon stock variation (see below). Figure 3 presents an illustrative diagram of the different gas flows taken into account. This indicator is meaningful when comparing it with nutritional performance, giving a value expressed in terms of “fed person·tCO2eq−1”. In this way, we combine two elements of mitigation and food security dimensions.



2- Soil Organic Carbon Variation “SOC Variation” (tCO2eq/ha/year)



Soil organic carbon (SOC) stock variation is an indicator that provides information about soil resilience. For the same productivity, improving SOC stock is also related to sustainable agricultural practices such as compost amendment, reduced tillage, erosion control, perennial crops, etc., or will be improved through these practices. This is another example of a holistic understanding of farms in order to reduce the set of indicators. Moreover, carbon sequestration in soils is an important strategy of GES mitigation, spotlighted as part of the “4/1000 initiative” project [65,66].



This indicator is more complex to calculate as it requires data on soil initial C content, the input of biomass as residues or organic fertilizers, the mineralization of inputs, potential erosion and biomass humification. When experimental data are missing, those variables should be estimated from the literature. For the purpose of this study, this indicator was calculated with the Morgwanik model described by Sierra et al. [26]. We applied this indicator to each farm’s cropping system for a whole crop rotation over a 30-year period. In this study, the current (initial) SOC stock (C0) was determined according to the Soil Database of the Agricultural Engineering Office (SDAEO) CaribAgro in Guadeloupe [26]. To convert the soil carbon variation into CO2eq, we approximated that CO2 was the only gas emitted from agricultural soils [67]. In doing so, both “GHG emissions” and “SOC variation” could be subtracted to estimate the GHG balance.


   SOC   variation  =  (   C n  −  C 0   )  ∗  (    44   12    )   










     C      n + 1   =      C   n  −  (   K m       ∗   C   n   )  −  (   K e       ∗   C   n   )  +  (   K h       ∗   A   m   )  +  (   K     h ′       ∗   Res   )   











Cn: soil organic carbon for the year n (t/ha)



C0: soil organic carbon for the year 0 (t/ha)



km: soil mineralization rate (%)



Ke: soil erosion rate (%)



Kh: amendment humification ratio (%)



Kh’: crop residues humification ratio (%)



Am: carbon inputs from amendment (t/ha)



Res: carbon inputs from crop residues (t/ha)



3- Plowing (number/year)



The indicator proposed here addresses the frequency of plowing. Plowing affects the macrofauna community [68,69], soil structure and fertility [70]. The depth of plowing, machinery load and other machinery traffic were not considered; in this way, the data requirement was reduced while maintaining one of the most important factors of soil health.


  P l o w i n g   =       ∑  i  P  L i    ∗  A i        ∑  i   A i     











PLi: Number of plowings per year in field i



Ai: Area of the field i (ha)





2.6. Data Sources


Data quality and availability are important factors orienting indicator construction or selection. The survey of the 12 farmers provided data on material and energy flows. When data were missing, e.g., the farmer was not able to provide information about a specific yield or input, they were substituted for data from local “gray” literature and, as a last resort, peer-reviewed literature. For each farm, the current (initial) SOC stock was determined according to the Soil Database of the Agricultural Engineering Office (SDAEO) CaribAgro in Guadeloupe [26]. The ADEME and IPCC reports [64,71] provided the data for GHG emissions factors used in tier 1 and tier 2 approaches. Emergy assessment publications provided recommendations for the accounting methodology and specific UEVs used in this study [59,60]. The emergy assessment was carried out using the new geobiosphere emergy baseline of 12.0 × 1024 sej/year [72].





3. Results and Discussion


Four different farm types were distinguished, namely, specialized sugarcane producers (SSP), livestock producers (LP), diversified producers for local and export markets (DPLE) and diversified producers for local markets (DPL), representing 560 (2745 ha), 183 (906 ha), 72 (1287 ha) and 34 (97 ha) farms, respectively. The farming system was mainly characterized by sugarcane and pastoral activities (Figure 4). In this farming system, sugarcane and banana are mainly cultivated to be exported to mainland France. Sugarcane and its straw can also be used as fodder for livestock. Other productions are dedicated to the local market. SSPs mainly grow sugarcane on farms with an average area of 4.9 ha and very limited area of spare land. LPs have approximately two-thirds of their land for pasture where livestock extensively grazes and one-third for sugarcane. DPLE has a diversified cropping plan with sugarcane for approximately one-third and pineapple, plantain and tuber production, including mainly yam. Finally, DPLs mainly produce fruits from orchards and vegetables in market gardening cropping systems. Sugarcane and pasture are also represented in a minor proportion of the area, accounting for 9%.



Table 1 presents the average values of the 19 indicators for the three farms from each farm type. The last column is the simple extrapolation of the scores to the entire study region based on the typology. Figure 5 presents the radar charts highlighting the relative performances of each farm type for food security, adaptation and mitigation.



3.1. Food Security Outcomes


The farming systems under study had on average autonomy of −20% with regard to subsidies. According to the calculation method, this value indicates that the average farmer’s income without subsidies was negative and represented −20% of the total income. In comparison, the average autonomy of farms in the European Union was +64% from 2014 to 2018 [73]. This result highlighted the low profitability and high dependency with regard to policy orientation toward farms from each category, especially for the SSP (−42%), which was widely represented in the study region. The DPL, characterized by orchards and market gardening activities, presented higher autonomy (+57%) but represented only 97 ha of the ALA (Figure 4, Table 1).



The average investment cost and gross margin of the farming systems were 8600 US$/ha and 3300 US$/ha, respectively. Both the DPLE and the DPL had higher gross margins of 5500 US$/ha and 4200 US$/ha, respectively. They also presented higher investment costs but with higher autonomies and higher contributions to employment, with 0.3 and 0.2 full-time equivalent (FTE) per hectare.



With an average of 0.1 FTE per hectare, the regional farming systems only represented 450 direct jobs for an estimated 91,000 inhabitants in the study region [27]. In terms of labor productivity, the average value was US$ 23/h, but the SSP paid US$ 32/h, approximately twice as high as the values for the LP and DPL groups. This high labor productivity was due to a combination of very low labor requirements with high governmental subsidies allocated to sugarcane crops.



At the regional level, the average nutritional performance was 3 pers./ha, corresponding to approximately 13,500 “well-balanced” nourished persons or 15% of the population. However, this indicator widely ranged from approximately 0 pers./ha for the SSP and LP to 13 pers./ha for the other farm types. The very low nutritional performances of the SSP and LP were due to the overrepresentation of sugarcane monoculture (sugarcane was not considered as human food in this study except through meat production) and the extensive management of livestock. Indeed, farmers in the study region are frequently in part-time farming situations and first use livestock as a saving strategy and for landscape management. Globally, the results of nutritional performance were mainly supported by simple carbohydrate production, while complex carbohydrate, protein and lipid production are important limiting factors (Table 1). Through this indicator, we attempted to improve the “crop diversity” indicator used in the RHoMIS tools [22] by taking into account the nutrient value of crops, which can largely vary among different species or be very similar. We also used these nutritional performances as a measure of productivity instead of energy (kilo-calories), as found in other CSA assessments [22,74], as crop nutrient content data are easily available.



The radar chart (Figure 5) shows that the DPL globally better satisfied the food security dimension. However, their lower labor productivity and higher investment cost could be important factors explaining the low representation of this farm type in the ALA.




3.2. Adaptation Outcomes


The estimated current climate potential impact through the five hazards, i.e., drought, flooding, temperature rise, sea level rise and cyclones, on the farming systems was 28%. According to the calculation method, these values indicate that the current climate hazard reached 28% of the theoretical maximum impact from which current cropping systems can recover. This value is useful to compare the effects of new activities or agricultural practices’ adoption with regard to the climate context. At the farm-type level, the results show lower potential impacts for both the DPL (27%) and the LP (28%) (Table 1).



The average value of economic diversity based on the Shannon index was 0.8, measuring the heterogeneity (also associated with “disorder and uncertainty”) of the gross margins associated with different crop species. Higher values indicated higher heterogeneity and thus higher diversity. To our knowledge, substituting species for gross margins in the Shannon index is not found in the literature. It is proposed here as a way of overcoming the methodological issue of comparing the abundance of different crop species. As a new indicator, its value cannot be compared to other studies at this time, but it can be used to compare different production systems. This indicator shows important differences, with much higher values for both the DPL (1.5) and the LV (1.5) than for the DPLE (1.1) and SSP (0.3), indicating a higher diversity of gross margins origin and thus lower potential impacts in the case of economic, social or climate perturbations.



In terms of agricultural inputs, an average of 4.4 kg/ha of pesticide active ingredients and 70 kg/ha of inorganic nitrogen were used at the regional level. In comparison, an average of 2.9 kg/ha of active ingredients and 155 kg/ha of inorganic nitrogen are used at the national level [75,76,77]. At the farm type level, pesticide inputs for the LP (2.6 kg/ha) and DPLE (2.7 kg/ha) showed similar results. The DPL and SSP had lower and higher values of 1.7 kg/ha and 4.7 kg/ha, respectively. With regard to the average nutritional performances obtained in the present study, the regional farming systems used an average of 23 kg/ha of inorganic nitrogen per nourished person. However, the DPL presented higher performances, with approximately 4 kg/ha of inorganic nitrogen per nourished person.



Globally, water used corresponded to 6% of the average volume of rainwater falling on farms. However, the DPLE presented a value of 11%, showing a stronger reliance on irrigation water and thus a stronger impact on water resources compared to other farm systems. This indicator also provides information about the level of adaptation based on integrated practices with regard to the climate context (i.e., crop species, crop rotations, etc.). For example, the development of agroforestry or the selection of species and varieties that are better adapted to the agroecological region can reduce the value of this indicator.



The production processes of the farming systems relied on 25% renewable energy, with values ranging from 22% for the DPLE to 35% for the LP. In comparison, the agricultural production of Italy relied on 28% of renewable energy [78]. More recently, Zhang et al. [79] calculated the renewable fraction of two traditional and two modern types of farms in China and showed that values ranged from 27% to 65%. In Iran, greenhouse tomato production systems were analyzed and showed that the renewable fraction of the production process ranged from 14 to 19% [80]. This holistic indicator is very important as it accounts for all renewable ecosystems and anthropogenic flows in the production system and is closely related to sustainability; its improvement should be a major task in CSA development.



The radar chart shows that, globally, both the DPL and the LP had a better satisfaction with the adaptation pillar (Figure 5). These results seem to highlight a correlation between the autonomy of the farms and their global adaptation performances.




3.3. Mitigation Outcomes


The average regional value of GHG emissions was 1.9 tCO2eq/ha, ranging from 1.0 to 3.4 tCO2eq/ha for the DPL and LP, respectively (Table 1). In comparison, the GHG emissions of farms at the national level reached 3.2 tCO2eq/ha in 2015 [81].



The average SOC variation was −0.5 tCO2eq/ha, ranging from -0.8 tCO2eq/ha to +0.2 tCO2eq/ha for the DPLE and DPL, respectively. Subtracting the SOC variation value from the GHG emissions gave a GHG balance of +2.4 tCO2eq/ha (Table 1). This value could be weighted with nutritional performance. At the regional scale, the farming systems emitted, on average, 0.8 tCO2eq per nourished person, but this value ranged from 0.1 tCO2eq to 12.3 tCO2eq emitted per nourished person for the DPL and SSP, respectively. Applying the national objective of GHG reduction by a factor of 4 before 2050 [82] to the agricultural sector and considering the −17% reduction already achieved since 1990 [83], a remaining 70% reduction must be achieved before 2050. This reduction would bring the average GHG balance from the current 2.4 tCO2eq/ha to 0.7 tCO2eq/ha. SOC sequestration has limited potential in quantity and will reach a physical limit in time in the best scenarios [84], and these points were presented in part as justification for not including this parameter in CSA assessments [74]; however, at this time, it (1) remains a significant lever in mitigation policies [66], (2) may instead decrease if inappropriate practices are adopted, and (3) is an important proxy for sustainable agricultural practices (e.g., compost amendment, erosion management, reduced tillage, biomass reuse, etc.) in a ”triple-win” approach.



Numerous agroecological practices provide efficient solutions for improving mitigation, such as agroforestry systems in which large amounts of carbon can be sequestered through perennial biomass [85,86]. As agroforestry practices were marginal in terms of acreage in the farms studied, perennial biomasses were not accounted for but should otherwise be included in the GHG balance.



The plowing intensity is one of the important factors of SOC variation and ranged from 0.3 to 1.6 plowing/ha for the LP and DPLE, respectively, with an average value of 0.8 plowing/ha at the regional scale. These results indicate a low pressure of farmers’ practices related to soil plowing but also highlighted the risk of increasing SOC losses with the adoption of new agricultural activities requiring more soil preparation than sugarcane crops or pasture. Nevertheless, factors such as the depth of plowing or the weight of machinery were not taken into account in this indicator. Overall performance of the farming systems for the mitigation pillar was better satisfied for the DPL and, to a lesser extent, the LP (Figure 5).




3.4. Summary of Results and Limits of the Method


The set of indicators distinguished different levels of sustainability through the three pillars of CSA and highlighted the diversity of farms of a small pedoclimatic region (Table 1, Figure 5). Overall, the financial autonomy of farmers was low, but some can serve as a model, i.e., the DPL type, which also corresponds to the smallest farms. This financial autonomy and the gross margin are important points with regard to farm resilience [87] but were also linked to higher investment costs and lower labor productivity in this context. Sugarcane monoculture and extensive livestock management led to very low nutritional performances for the SSP and LP types compared to other types. Nutrient production is far from satisfying regional food needs and is clearly unbalanced in favor of simple carbohydrates, despite sugarcane not being considered a food crop. Through the adaptation pillar, the DPL and LP types showed better performances for all indicators. They presented higher resilience through lower potential climate impacts, higher economic diversities and more renewable energy flows. Both the DPL and LP types also presented lower environmental impacts with reduced use of pesticides and inorganic nitrogen and less pressure on water resources.



Finally, in terms of mitigation potential, the DPL type also presented better performances in terms of GHG emissions and SOC variation, notwithstanding the plowing intensity, which was the second most intensive. However, the four types remained GHG-emitting agricultural systems, and management adaptation must continue to be explored in order to reach net zero CO2 emissions by 2050 and limit warming to 1.5 °C [88], as per the Paris Agreement.



As synthesized in Figure 2, the food security pillar was characterized as a combination of farmers’ financial autonomy, productivity, nutritional balance and economic performance. The adaptation pillar was characterized as a combination of farms’ integration into their pedoclimatic environment, environmental impacts, the durability of production, economic diversity, renewable energy in production flows and potential climate impact. The mitigation pillar was characterized by GHG emissions, carbon sequestration and soil management. The set of indicators attempted to address some gaps in existing assessment methods by clearly taking into account the three pillars of CSA with a multi-dimensional approach to production and including social and economic aspects of sustainability, which have previously been largely ignored [24]. It also attempted to address the spatially variable impact of CSA adoption through the indicator “potential climate impact”, which takes into account pedoclimatic contexts where agricultural practices are adopted. This indicator was specifically described in Selbonne et al. [51].



This set of indicators is not intended to be used for on-farm monitoring because it does not focus on specific agricultural practices or principles but rather aims to provide a large amount of indirect information related to CSA performances. For example, the indicator “economic diversity” of the adaptation pillar provides information about biological diversity and potential ecological and economic resilience; the indicator “SOC variation” provides information about atmospheric CO2 mitigation potential and soil management sustainability; both “inorganic nitrogen” and “nutritional performance” are a proxy for resource use efficiency.



Some shortcomings are apparent in the proposed methodology, the first of which is related to the fact that only researchers participated in the selection of the indicators; the involvement of stakeholders such as farmers may allow for a better consideration of objectives and constraints and better flexibility and applicability [89,90]. Therefore, as mentioned above, we specifically recommend this framework for the ex-post assessment of agricultural policies and interaction between researchers and decision-makers. It can also be used in ex-ante assessments of different agricultural policies through bioeconomic models [91].



Another limitation of the framework was the fact that no indicator or combination of indicators provided information about gender parity. Even if we considered this point as related to upstream issues (cultural, land access), it could be added if it appears as central in a majority of contexts. Moreover, the study was applied to a limited number of farms and, therefore, requires a larger-scale evaluation to verify its genericity and its capacity to respond to other value judgments and conceptions of CSA. The limited number of farms surveyed also impacted the quality of the extrapolation. This shortcoming was partly taken into account by (1) defining a homogenous and small pedoclimatic region and (2) carrying out a stratified sampling according to a typology of farms but could be avoided through larger sampling. Finally, although this framework remains easier to implement than other indicator-based assessment tools with a finer breakdown of the concept of sustainability, as, for example, in the SAFA tool [18], some indicators such as the emergy indicator of “renewable fraction” and the indicator of “potential climate impact” require much data and are more complex to implement. This point should be discussed with stakeholders and more researchers. We believe that the set of indicators we proposed in this study must be tested in diverse contexts to scientifically assess whether it is relevant and generic enough for diverse, real-world situations.





4. Conclusions


This study describes an indicator-based assessment framework (Figure 2) aimed at assessing farm performance with regard to the three pillars of climate-smart agriculture (CSA). A trade-off between comprehensiveness, completeness and genericity was proposed in this study. This approach aims at fostering greater collaboration between stakeholders through the development and assessment of CSA based on common references. CSA was not defined through specific thresholds but as the level of one’s performance with regard to other production systems. The selected indicators were expected to cover all aspects of sustainable CSA by themselves or in combination, directly or indirectly from a holistic understanding of the farming system. Some indicators are meaningful by themselves and others are useful in comparative studies of different systems/scenarios.



In this case study, the main findings are as follows. First, the lowest economic autonomy was associated with the dominant farm types, implying that small changes in support policies would necessarily affect regional farming system performances. Second, the farm types with lower nutritional performance, adaptation and mitigation potential seemed to be favored with the lowest investment costs and higher labor productivity. Third, there is a low nutritional performance of the regional farming system with regard to the population, specifically in terms of protein and lipid production. Significant improvements in the three pillars of CSA could be achieved based on the least represented production systems, i.e., the DPL, which also corresponds to the smallest and most diversified farms. The development of this type of farm must be encouraged. Finally, if specific goals of CSA are targeted, such as carbon neutrality, food sovereignty or no-use of pesticides, designs for innovative production systems could be considered.



The framework succeeded in highlighting differences, strengths and weaknesses between farms of a small agroecological region and appears to be adequate for comparing systems at a larger scale. These results and this framework are currently used for the design of new climate-smart activities and the assessment of different policies and adoption scenarios. The present study described the first two steps of a larger study aimed at developing climate-smart agriculture. To this end, the proposed approach is used for the “prototyping” of new farming systems, following the method of Vereijken [92]. This method represents a good way to cope with the urgency of global changes by (1) providing data on current and innovative farms and (2) creating emulation and knowledge diffusion among stakeholders and encouraging debate on agricultural policies regarding the design and assessment of regional scenarios of transition.
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Figure 1. Boundaries of a conceptual farm. The on-farm boundary 1 (solid black line) was used for 16 out of 19 indicators. The off-farm boundary 2 (dotted black line) was used for 3 holistic indicators, i.e., the energy index of renewable flow and the indicators of potential climate impact and GHG emissions. Dotted and solid black arrows refer to flows before and after on-farm management respectively. Green arrows refer to internal flows and red arrows refer to flows leaving the on-farm boundary 1. 
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Figure 2. Synthesis of the indicator framework based on the “Triple-win” objectives of food security, adaptation and mitigation. 
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Figure 3. Description of the gas flows that were taken into account for estimating greenhouse gas emissions (“GHG emissions”) of the farm represented with the orange line. Black, green and red dotted arrows refer to inputs, gas emissions and CO2 sequestration respectively. Synt. Fert., Org. fert. and Crop res. refer to Organic fertilizers, Synthetic fertilizers and Crop residues respectively. The variation (∆) of soil organic carbon was accounted for separately with the indicator “SOC variation”. Emissions related to machinery and other materials (crossed out in gray) were not taken into account. 
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Figure 4. Typology of the farming system located in the region of North Basse-Terre based on crop rotation data from the governmental declaration database AGRIGUA of 2010. The four clusters were obtained through a hierarchical ascending classification using the principal components of interest (Kaiser criteria) from a principal component analysis. Each color corresponds to a different activity, the main ones are specified in the chart. Banana_C, Banana_E, Fallow_S, Fallow_L, correspond to banana of local varieties, Cavendish banana for export market, short fallows and long fallows (> 8 months) respectively. 
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Figure 5. Radar charts of the relative scores for each dimension (food security, adaptation and mitigation). After mean-centering the scores, we multiplied by -1 the values of indicators that should decrease (Investment cost, Active ingredients, Inorganic nitrogen, Irrigation/rainfall, Potential climate impact, Plowing, GHG emissions) in order to obtain the same reading. Higher values corresponded to better performances. 
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Table 1. Results of the climate-smart assessment framework. The 19 indicators for each farm type (“specialized sugarcane producers” (SSP), “livestock producers” (LP), “diversified producers for local and export markets” (DPLE) and “diversified producers for local markets” (DPL)) were calculated as the average value of the three farms surveyed. The last column, “weighted mean”, was based on the area represented by each farm type and corresponds to the performance of the farming system.
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Indicators

	
Unit/Year

	
Spe. Sugarcane

Producers

N = 3

	
Livestock

Producers

N = 3

	
Div. Producers Lo./Ex. Market

N = 3

	
Div. Producers Lo. Market

N = 3

	
Regional

Values






	
Food Security

	
Autonomy

	
%

	
−42%

	
7%

	
2%

	
57%

	
−20%




	
Investment Cost

	
US$/Ha

	
5.9 × 103

	
3.0 × 103

	
1.7 × 104

	
1.7 × 104

	
8.6 × 103




	
Gross Margin

	
US$/Ha

	
2.1 × 103

	
1.8 × 103

	
5.5 × 103

	
4.2 × 103

	
3.3 × 103




	
Labor Requirement

	
Fte/Ha

	
0.0

	
0.1

	
0.3

	
0.2

	
0.1




	
Labor Productivity

	
US$/Hr

	
32

	
17

	
25

	
15

	
23




	
Complex Carb.

	
Pers./Ha

	
0

	
0

	
4

	
4

	
1




	
Simple Carb.

	
Pers./Ha

	
0

	
0

	
55

	
50

	
15




	
Saturated Lipids

	
Pers./Ha

	
0

	
1

	
1

	
2

	
1




	
Unsaturated Lipids

	
Pers./Ha

	
0

	
1

	
2

	
3

	
1




	
Proteins

	
Pers./Ha

	
0

	
1

	
4

	
6

	
1




	
Av. Nut. Perf.

	
Pers./Ha

	
0

	
0

	
13

	
13

	
3




	
Adaptation

	
Climate Potential Impact

	
%

	
30%

	
28%

	
33%

	
27%

	
28%




	
Economic Diversity

	
-

	
0.3

	
1.5

	
1.1

	
1.5

	
0.8




	
Active Ingredients

	
Kg/Ha

	
4.7

	
2.6

	
2.7

	
1.7

	
4.4




	
Inorganic Nitrogen

	
Kg/Ha

	
64

	
34

	
91

	
55

	
70




	
Irrigation/Rainfall

	
%

	
5%

	
3%

	
11%

	
0%

	
6%




	
%Renewable

	
%

	
23%

	
35%

	
22%

	
33%

	
25%




	
Mitigation

	
Ghg Emissions

	
Tco2eq/Ha

	
1.7

	
3.4

	
1.9

	
1.0

	
1.9




	
Soc Variation

	
Tco2eq/Ha

	
−0.4

	
-0.1

	
−0.8

	
+0.2

	
−0.5




	
Ghg Balance

	
Tco2eq/Ha

	
+2.1

	
+3.6

	
+2.6

	
+0.8

	
+2.4




	
Plowing

	
Number/Ha

	
0.5

	
0.3

	
1.6

	
1.2

	
0.8
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