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Global demand for agricultural products continues to grow. However, efforts to boost productivity exacerbate existing pressures on nature, both on farms and in the wider landscape. There is widespread appreciation of the critical need to achieve balance between biodiversity and human well-being in rural tropical crop production landscapes, that are essential for livelihoods and food security. There is limited empirical evidence of the interrelationships between natural capital, the benefits and costs of nature and its management, and food security in agricultural landscapes. Agroforestry practices are frequently framed as win-win solutions to reconcile the provision of ecosystem services important to farmers (i.e., maintaining soil quality, supporting pollinator, and pest control species) with nature conservation. Yet, underlying trade-offs (including ecosystem disservices linked to pest species or human-wildlife conflicts) and synergies (e.g., impact of ecosystem service provision on human well-being) are seldom analysed together at the landscape scale. Here, we propose a systems model framework to analyse the complex pathways, with which natural capital on and around farms interacts with human well-being, in a spatially explicit manner. To illustrate the potential application of the framework, we apply it to a biodiversity and well-being priority landscape in the Southern Agricultural Growth Corridor of Tanzania, a public-private partnership for increasing production of cash and food crops. Our framework integrates three main dimensions: biodiversity (using tree cover and wildlife as key indicators), food security through crop yield and crop health, and climate change adaptation through microclimate buffering of trees. The system model can be applied to analyse forest-agricultural landscapes as socio-ecological systems that retain the capacity to adapt in the face of change in ways that continue to support human well-being. It is based on metrics and pathways that can be quantified and parameterised, providing a tool for monitoring multiple outcomes from management of forest-agricultural landscapes. This bottom-up approach shifts emphasis from global prioritisation and optimisation modelling frameworks, based on biophysical properties, to local socio-economic contexts relevant in biodiversity-food production interactions across large parts of the rural tropics.
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INTRODUCTION

Human land-use has expanded and intensified rapidly over the last 300 years alongside human population and consumption growth (Ramankutty et al., 2018). Global agricultural production more than tripled since the 1960s to cope with our rising demands for food (Food and Agriculture Organization [FAO], 2017). During the past 50 years, the area of land under cultivation increased from 76 to 120 M ha in Africa, 83 to 175 M ha in Latin America, and 115 to 161 M ha in Asia (Pellegrini and Fernández, 2018). Agricultural expansion has been accompanied by land intensification that has led to increases in irrigation, machinery and fertiliser use and the tripling of crop yields globally (Pellegrini and Fernández, 2018). Despite this, in Sub-Saharan Africa, it is estimated that agricultural output would still need to more than double to meet predicted demand by 2050 (Food and Agriculture Organization [FAO], 2017). Declining crop yield gains, soil quality and climate change are expected to further complicate that goal (Funk and Brown, 2009; Borrelli et al., 2020).

The environmental and social costs and benefits of agricultural expansion and intensification to close yield gaps (Box 1) are profound, encompassing dimensions of biodiversity (Chaudhary and Mooers, 2018), human well-being (Brown et al., 2018), and climate change resilience (Webb et al., 2017) of the socio-ecological systems being transformed. The loss of natural habitats, primarily forests and grasslands, at the expense of agricultural expansion in the rural tropics, has contributed to large-scale biodiversity declines (IPBES, 2019). The use of pesticides (including insecticides, molluscicides, herbicides, and fungicides) has caused substantial economic costs to human health (Trimmer et al., 2017), as well as ecosystem services (Pretty and Bharucha, 2015), with declines in species useful for pollination and natural pest control (Dudley et al., 2017). Croplands are also connected to global increases in soil erosion, subsequently leading to land degradation and fertility loss, eutrophication of waterways, enhanced flooding and changes in carbon cycling (Borrelli et al., 2017). These in turn are likely to incur “debts in natural capital,” with short-term gains in crop yield but potentially long-term losses in crop yield stability (Box 1).


Box 1. Yield gaps in crop production systems.

Yield gap, i.e., the difference between potential and actual crop yield, is determined by abiotic and biotic variables, which are interrelated and include water and nutrient availability in soils, pest damage or pollination and natural pest control services (Bommarco et al., 2013; Dainese et al., 2019). Closing the yield gap, e.g., by boosting soil quality (Oldfield et al., 2019) or biodiversity regulated services (Carvalheiro et al., 2010; Dainese et al., 2019), can help farmers improve food security (Van Ittersum et al., 2016) and if linked to efficient access to markets may help alleviate poverty (Jayne et al., 2010). Yield gaps have reportedly been higher for low input forest-agricultural system compared to high input crop production systems (Kravchenko et al., 2017). We highlight that yield comparisons between low and high input systems so far are of limited use if not accounting for system properties changing over time, including soil quality, soil availability or water quality (through outflow of chemical fertilisers and pesticides), which can negatively affect crop yield stability in the long term (Schrama et al., 2018). Thus, reported yield gaps between these systems might be an artefact resulting from natural capital debt generated by unsustainable practices that in the long term will reduce crop yield stability (Schrama et al., 2018). Empirical evidence shows that additional plant diversity, either in crops or surrounding vegetation, can make agricultural systems more resilient with multiple benefits to farmers, including on yield stability, pollination or dependency on synthetic inputs (Isbell et al., 2017; Duriaux Chavarría et al., 2018; Williams et al., 2018; Dainese et al., 2019). Nevertheless, the contextual nature of yield metrics advise against one-size-fits-all approaches (Li et al., 2019).



Managing crop production systems to reconcile targets for biodiversity with targets for climate change and human well-being is a challenge that has attracted substantial controversy. Differences in proposed solutions may partly be explained by heterogeneity in the way crops can be produced and the socio-economic and political complexity of livelihoods within rural landscapes. Crop production systems differ in intensity of mechanic and chemical inputs and severity of habitat modification (Horlings and Marsden, 2011). They range from low input smallholder agroforestry systems – defined as the integration of trees and woody shrubs in crop and livestock production systems (Sinclair, 1999) – that support livelihoods of millions of people in the rural tropics (Mbow et al., 2014) to high input monoculture cropping systems that are favoured in agricultural transformation plans (Laurance et al., 2015). Low input agroforestry systems can improve biodiversity and ecosystem services (Tscharntke et al., 2011) and allow farmers to adapt to climate extremes (Lasco et al., 2014). Yet, they may require larger areas of land to meet yield demands (Balmford et al., 2018) and therefore reduce resources for wildlife that depend on large intact habitats (Pfeifer et al., 2017) and increase risk of human-wildlife conflict (Nyhus, 2016). The alternative, high yield farming on smaller areas of land, in turn can spare larger tracts of natural habitats reducing the biodiversity loss crisis (Balmford et al., 2018). However, it has been associated with high environmental (Tilman et al., 2002) and social costs (Rasmussen et al., 2018), while landscape-scale biodiversity benefits are inconclusive (Kremen, 2015).

Strategies for increasing crop production frequently promote high input systems as the way forward (Crist et al., 2017; Strassburg et al., 2020). This “land sparing” approach to farming overlooks evidence from the biodiversity literature, showing landscape variation in species’ responses to crop configurations and natural features (Kremen, 2015). Well-being (Box 2), a concept that integrates across interrelated issues of material wealth, food security and human health (Gough et al., 2007), has received limited attention by land sparing advocates in modelling and mapping approaches. That approach can underestimate the decline in pollination and pest control services to crop yields and health due to loss of species diversity within farms (Tscharntke et al., 2005; Bommarco et al., 2013). Smallholder farmers also face economic barriers that prevent them from achieving productivity gains based on external input intensification (Jayne et al., 2010). And there is little evidence to suggest that agricultural intensification can provide win-win outcomes for both the environment and human well-being (Rasmussen et al., 2018). Indeed, risks associated with climate change, projected to be especially high in tropical regions (Collins et al., 2019), can be exacerbated by increasing farmer vulnerability to climate extremes; reducing their options to adapt to climate change in the future (Lin et al., 2008; Paavola, 2008).


Box 2. Assessing human well-being in forest-agricultural landscapes.

In our framework we adopt the definition of well-being as “a state of being with others, which arises where human needs are met, where one can act meaningfully to pursue one’s goals and where one can enjoy a satisfactory quality of life” (Gough et al., 2007). It encompasses a holistic notion of social progress. Human well-being is broken down into universally relevant domains and context specific indicators (McGregor, 2018). We take an interdisciplinary approach and adopt the domains put forward by the Millennium Ecosystems Assessment (Millennium Ecosystem Assessment [MEA], 2003), although others have been proposed (King et al., 2014; McGregor, 2018). The five domains include: (1) Basic material for a good life – hereafter referred to as material well-being, (2) Health, (3) Social relations, (4) Security, (5) Freedom of choice and action. We translate these domains of well-being to the specific context of our focal landscape using the Well-being Indicator Selection Protocol (Loveridge et al., 2020) that integrates universal theory with place-based knowledge. Through community consultation 111 candidate well-being indicators were identified and subsequently simplified by redundancy analysis, statistical modelling and cross-validation with locally stated priorities to determine a final list of 19 local indicators representative of the five well-being domains (Loveridge et al., 2020). Approaches that use well-being metrics to evaluate the impact of land management interventions tailored to specific contexts are increasing, albeit significant knowledge gaps persist (McKinnon et al., 2016; Rasmussen et al., 2018). Smith et al. (2019), for example, tailored a multidimensional well-being index using 15 indicators across three dimensions to explore the impacts of land use intensification in Mozambique and found well-being improvements linked to smallholder commercial and subsistence agriculture.



While there is a rich literature on the positive links between agroforestry practices and several ecosystem services, such as soil fertility, drought resistance or biological pest control (e.g., Tscharntke et al., 2011), empirical evidence attempting to connect agroforestry practices directly to well-being (e.g., Ojedokun et al., 2020) is scarce. The link between crop yield and material well-being may be intuitive, yet other aspects of well-being that cover health, security or freedom of choice, are under-researched (McKinnon et al., 2016). Furthermore, the benefits and disadvantages of natural areas do not necessarily impact on all the dimensions of well-being equally (Rendón et al., 2019). Win-win outcomes may be less common than trade-offs (McShane et al., 2011; Howe et al., 2014).

Human well-being cannot be separated from other Sustainable Development Goals such as food security and poverty reduction. As such, crop production benefits from resilient agricultural landscapes as socio-ecological systems that have the capacity to adapt or transform in the face of change in ways that continue to support human well-being and ecological processes (Folke et al., 2016). The “resilience” component is crucial in crop production landscapes (Robards et al., 2011) and there is growing consensus that more diverse natural systems support more resilient crop production, ultimately providing greater well-being through increased security in terms of food and livelihoods (Gunderson et al., 2012). Resilience can be strengthened by high landscape connectivity (Grass et al., 2019), promoted for example by retaining or restoring trees and other natural habitats in and around farmlands. This is practiced in agroforestry systems globally, and compatible with sustainable livelihoods in rural communities (Chazdon, 2008). The Intergovernmental Panel on Biodiversity and Ecosystem Services is explicit about the value of natural habitats and their interlinkages with key Sustainable Development Goals for crop production landscapes in the tropics (IPBES, 2018).

However, a key challenge has been a fundamental lack of data on the crop production potential of diverse resilient forest-agricultural landscapes, caused by a lack of a unifying framework and associated method approaches (Woodhouse et al., 2015). In this article, we propose a novel unifying framework to conceptualise pathways to well-being and biodiversity outcomes in forest-agricultural landscapes (Figure 1). This framework allows us to measure the impact of landscape and regional level decisions on three main outcomes, i.e., crop yield, human well-being, and biodiversity (Figure 2). Our focus is on tropical landscapes dominated by smallholder farming that retain natural features on and around farms, and in which crop yield outputs are well correlated with food security and well-being (IFAD and UNEP, 2013).
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FIGURE 1. Pathways to socioecological well-being outcomes in forest-agricultural landscapes. The framework integrates across the social and ecological dimensions. It includes interventions and drivers external to the socioecological system, socioeconomic and environmental drivers of change operating at larger spatial scales. While variables can have higher ecological (orange stream) or social (blue stream) leanings, their interaction with natural and other types of capital at landscape level produces impacts on biodiversity and ecosystem service provision (interactions in brown, represented along the middle line), the latter including crop yield. The provision of those services, and trade-offs with disservices, then affects both biodiversity and human well-being outcomes. We use the term “socioecological well-being” to represent both the ecological processes and functions that define self-sustaining ecosystems and the social processes that influence the fulfilment of human needs, individual and communal goals, and a satisfactory quality of life (Brueckner-Irwin et al., 2019). The image of the two women comes from pexels.com with a license that covers its use in this publication.
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FIGURE 2. System model approach operationalising the assessment of management of forest-agricultural landscapes for multiple objectives. The model describes a network of relationships among variables and processes important to understanding socio-ecological systems within forest-agricultural landscapes. Arrows represent causal links between variables at landscape and site scale to be tested. Pollination, biological pest control, microclimate regulation, maintenance of soil quality are ecosystem services, while crop yield is an ecosystem service too that is impacted by the other services and a key outcome of our framework. Human-wildlife conflict is an ecosystem disservice. Blue colour refers to components linked to the social dimension, orange components link to the ecological dimension, brown objects refer to outcomes directly linked to nature conservation, food security, and human well-being, within the socioecological system.




CONCEPTUALISING INTERRELATIONSHIPS IN FOREST-AGRICULTURAL LANDSCAPES

In our framework, natural capital and environmental conditions are conceived as interacting with human and produced capital, external drivers, and interventions. We refer to the concept of socioecological well-being, as defined in Brueckner-Irwin et al. (2019), to emphasise the strong interactions between different outcomes contributing to socioecological system resilience, including biodiversity, food security, and human well-being. Following Dasgupta (2021), we distinguish between natural capital (stock of renewable and non-renewable natural assets), human capital (assets embodied in labour, skills and knowledge) and produced capital (human-made goods or structures). Yield (Box 1) plays a crucial role in that context, as it is the variable typically cited in land sharing – sparing debates, but also because it is inextricably linked to farmers’ livelihoods and thus well-being (IFAD and UNEP, 2013). Natural capital encompasses stocks of resources such as water and soils. These stocks generate flows of services for which people derive benefits such as crop yield, pest control or energy (Bateman and Mace, 2020), but also wild food foraging, timber, water and climate regulation or spiritual connections and sense of heritage tied with the natural landscape (Millennium Ecosystem Assessment [MEA], 2003). These relationships can be non-linear and result from complex locally specific social and ecological dynamics, flowing from ecosystem stocks to goods to well-being and mediated by factors such as stakeholder needs, market dynamics, or access (Daw et al., 2016). Natural capital can also generate flows of disservices (Kennedy et al., 2013; Mbow et al., 2014), with increased potential for human wildlife conflict, including crop raiding, livestock depredation and attacks on humans (Mukeka et al., 2019). Landscape configuration, here defined as spatial configuration and quality of natural habitats in the agricultural matrix, alters abundance distributions of species that may act as pest controls and pollinators (Bianchi et al., 2006; Carvalheiro et al., 2010), as well as agricultural pests (e.g., rats) and animals perceived as dangerous (e.g., elephants) (Teixeira et al., 2019). These processes are largely shaped by distance to habitat edges, declining with distance away from natural habitat and into the farmed land (Bianchi et al., 2006; Carvalheiro et al., 2010).

We are testing the implementation of our framework in a rural case study landscape of the Kilombero Valley in Tanzania (Figure 3). Tanzania is emblematic of the challenges of agricultural expansion and intensification to biodiversity (Doggart et al., 2020).
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FIGURE 3. Map of the study area in the Kilombero Valley, Tanzania. Land cover map at 20 m based on 1 year of Sentinel-2A developed by the European Space Agency (European Space Agency [ESA], 2017). Dwellings classified manually. The protected areas represented are Mikumi National Park, Udzungwa National Park, Magombera Nature Reserve, and Nyerere National Park (UNEP-WCMC and IUCN, 2021). Road data from OpenStreetMap Contributors (2019).


Adopting a “Kilimo Kwanza” (Agriculture First) strategy, Tanzania’s government launched the Southern Agricultural Growth Corridor Of Tanzania (SAGCOT) scheme in 2010. The fertile soils of the Kilombero Valley, a wetland of international importance for biodiversity, are key areas targetted for agricultural development under SAGCOT. Planned measures would greatly increase the amount of land dedicated to industrial farming (Southern Agricultural Growth Corridor of Tanzania [SAGCOT], 2011). Land shortage has been a problem in the valley since 1975. A growing human population and an influx of people looking for opportunities, have exerted high pressures on natural resources and land, used for crop production and livestock grazing (Kangalawe and Liwenga, 2005). In the last two decades, the valley has seen investments into industrial rice, teak and sugarcane farming (Bergius et al., 2018). Irrigation systems and draining have been implemented in several areas of the valley to support industrial crop production and large tracts of forests and Miombo woodlands have been converted to make place for sugarcane and teak (Munishi and Jewitt, 2019). Smallholder farmers are traditionally practicing a mix of crop and crop:tree approaches to farming and rely on natural tree-cover habitats for resources such as firewood and building material. The farmed land in the valley is nestled between the Udzungwa Mountains National Park in the west, the Nyerere National Park (formerly Selous Game Reserve) in the east, and Mikumi National Park in the north. Yet, SAGCOT plans are vague on the benefits local farmers obtain from natural areas or the potential role of less conventional approaches to agriculture, including agroforestry (Southern Agricultural Growth Corridor of Tanzania [SAGCOT], 2011). Spill over of wildlife into settlements and farmland is common leading to elephant:crop conflicts (Jenkins et al., 2003; Jones et al., 2012), but these are also overlooked. Nevertheless, at national scale, the role of agroforestry supporting resilient agricultural systems is acknowledged in national policies, such as the Agricultural Sector Development Programme Phase II 2018–2023 and the National Forest Policy Implementation Strategy 2021–2031.

We demonstrate the implementation of our proposed framework through a system model approach (Figure 2), that allows to quantify the direct and indirect pathways and their interactions at various spatial and temporal scales to shape biodiversity, yield, and well-being outcomes. It is sufficiently simple to be testable, with clearly formulated hypotheses for which data can be collected and metrics can be parameterised (Table 1).


TABLE 1. Overview of testable hypotheses resulting from system model pathways (their starting and finish nodes, i.e., main direct driver and response) for analysing multiple outcomes in forest-agricultural systems.
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SYSTEM MODEL COMPONENTS AND PATHWAYS

Changes to landscape configuration (e.g., increased exposure to habitat edges through habitat fragmentation) or management practices (e.g., use of synthetic inputs), both within and around croplands, are key drivers of pressure on ecological communities. These linkages are analysed in the system model through testable hypotheses 1.1, 1.2, 1.3, and 1.4 (Table 1). Biodiversity loss, in turn, can have unintended consequences that affect crop yield and other ecosystem services (Rasmussen et al., 2018). Farmer decisions on management strategies will, at least in part, depend on their perceptions on the environment (Sánchez-Romero et al., 2021; Table 1, testable hypothesis 1.5). At landscape scale, changes in configuration through land use and farm management decisions, such as retention of trees on farms and along their boundaries (e.g., Torralba et al., 2016), will affect the trade-offs between flows of services and disservices within the forest-agricultural landscape (Zhang et al., 2007; Table 1, testable hypotheses 2.2, 3.3, 4.3, 5.1, 5.2, 6.1, and 6.2). At farm level, trees can improve microclimate favourably to crops and maintain soil health and soil organic carbon (Jonsson et al., 1999; Dollinger and Jose, 2018). Denser and deep rooted tree canopies are associated with a buffering of ground vegetation from the impacts of climate extremes, directly protecting plants from temperature and moisture stress and thus benefitting crop growth and yield (Jonsson et al., 1999; Lobell et al., 2011; Ewers and Banks-Leite, 2013; Peng et al., 2014; Table 1, testable hypotheses 2.1 and 7.4). This buffering effect can translate to increased soil moisture, soil carbon storage and stability of crop yields under climate fluctuation as well as reduced soil erosion, thereby increasing farmer preparedness for potential impacts from climate change (Malézieux et al., 2009; Sida et al., 2018). Trees can indirectly affect how pest species respond to environmental change, if they are part of that species life history or trophic interactions, for example (Lehmann et al., 2020), whilst some tree species act as sources for biopesticides themselves (Isman, 2008; Table 1, testable hypotheses 4.1 and 4.2). In “push-pull” technology pest repellent species are intercropped while pest attracting species are planted along borders to decrease damage to focal crop (Khan et al., 2008). Higher plant diversity on croplands can increase crop yield, although higher tree density and shade can also lead to real or perceived productivity losses (Isbell et al., 2017; Ndoli et al., 2017; Teixeira et al., 2019; Table 1, testable hypotheses 7.2 and 7.6). Adding trees on and around farms increases the prevalence of earthworms leading to improved soil functioning (Marsden et al., 2020) and soil quality (Fründ et al., 2011), and subsequent increases in crop yield and aboveground biomass (Van Groenigen et al., 2014; Table 1, testable hypotheses 5.1, 5.2, and 7.3). Planting nitrogen-fixing tree species, e.g., Acacia spp., can increase soil nutrient availability and reduce reliance on fertiliser inputs (Rosenstock et al., 2014; Table 1, testable hypothesis 5.1). On pollination, the effects of species turnover and dominance mean that a diverse pollinator community is needed for maintaining pollination services at landscape scale (Winfree et al., 2018), which due to taxon-specific responses include species that need nearby forests to survive (Brosi et al., 2008; Table 1, testable hypotheses 3.1, 3.2, and 7.1). Human-wildlife conflict can cause crop damage and be more prevalent along the boundaries of areas converted into uses incompatible with wildlife and those that prioritise conservation (Ango et al., 2017; Mukeka et al., 2019; Table 1, testable hypothesis 7.5).

Understanding and monitoring the impact of both agricultural development and conservation interventions on the model pathways leading to biodiversity, yield, and well-being outcomes, as well as the impact of indirect drivers that are external to the socioecological system, will help inform policies and decision-making in forest-agricultural landscapes. These drivers and interventions originate at scales coarser than the landscape and are linked primarily to economic development priorities or institutional frameworks and laws, including on nature protection. The consequences of development corridors promoted across Africa, which can include both “hard” (e.g., road network expansions) and “soft” (e.g., regulatory reforms) interventions (Enns, 2018), exemplify well our definition of external drivers resulting in interventions that impact on the local scale. The demographic and socioeconomic factors included in the model reflect community characteristics independently from those external interventions, although in practice there may be an association between the two on the longer term. Their impacts can include unexpected consequences not predicted during the decision making process and lead to the cumulative negative effects surpassing the positive ones in many cases (Laurance et al., 2015). Many of these interventions impact on landscape configuration or management and can hence be analysed through our system model. The pathways and trade-offs involved can be manifold and complex, ultimately affecting human well-being (Daw et al., 2015; Suich et al., 2015; Table 1, testable hypotheses 8.1, 8.2, 8.3, and 8.4).



SYSTEM MODEL IMPLEMENTATION

Our approach operationalises relationships between biodiversity conservation, food security and well-being outcomes in a forest-agricultural landscape and makes them spatially explicit. We postulate testable hypotheses to examine whether the theory formulated holds across geolocations looking for synergies and differences and how these relate to external drivers (Table 1). We also integrate landscape configuration and management, ecosystem services (pollination, pest control, soil quality, microclimate regulation, and crop yield), ecosystem disservices (pest damages and human-wildlife conflicts) and resulting well-being outcomes.

In Table 2, we highlight the indicators used to parameterise our system model for our case study (Figure 2). After obtaining relevant research permits and ethical clearance, we are currently collecting data for these indicators using standardised social and ecological methodologies, adapted to the specifics of our study landscape. The sampling design for ecological indicators consists of collecting data from plots (20 × 20 m) located on the farm, including smallholder and industrial farms, and in habitats surroundings those farms. We plan to collect ecological data from 140 plots sampled in crop and non-crop habitats and edges among them. Table 2 briefly mentions which methodologies are being used to measure each variable. More detailed method descriptions can be found in the Supplementary Material. For crop yield measurements, following local scouting and considering varying crop pollination dependencies (Aizen et al., 2009), we are focussing on three common crops in the study area – maize, okra and sugarcane. On the social side, we are applying household surveys in seven villages adjacent to the ecological plots using a stratified sampling approach. The household survey is collecting data on socioeconomic details, household characteristics, livelihood strategies, perceptions of nature, and farming practices. We are also carrying out key informant interviews, focus groups, and participatory workshops with stakeholders to achieve a more detailed and contextualised understanding of local characteristics, including its social dynamics.


TABLE 2. List of locally adjusted methodologies and indicators that are being used to generate data for the system model that will analyse biodiversity, well-being, and crop yield outcomes resulting from interventions and practices implemented in the Kilombero landscape.
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Overall, the sampling design will allow testing for the effects of landscape scale variables on ecosystem service provision, including crop yield, and well-being outcomes, linked to farming practices such as agroforestry. This data will be complemented by remote sensing data for ecological metrics and key informant interviews, surveys, focus groups and participatory workshops for social data. When evaluating the impact of conservation interventions on well-being, Woodhouse et al. (2015) advises defining locally relevant well-being indicators, designing context dependent approaches, understanding processes of change and causal mechanisms. We will use the well-being indicators formerly developed by Loveridge et al. (2020) in the Kilombero District (Box 2).

We will integrate our data analysis with participatory visioning approaches with local stakeholders to develop a final network of pathways linked to management practices on the farm and in the landscape. It will use the causal links and hypotheses developed in this article to reach a system that can be analysed through complex modelling tools. This approach will allow us to enhance our understanding of the dynamics in land management decision-making and to explore the role of farming practices and drivers of land use change, both under current or future settings, to identify balanced and sustainable solutions that optimise well-being, as well minimising the trade-offs between services and disservices.

We will use Structural Equation Modelling and Integrated Nested Laplace Approximation to analyse pathways and outcomes in our case study, but other statistical tools could be used, calibrated to local contexts and modelling expertise. The absence of feedback loops in our current model intends to facilitate analysis, as more analytical options become available. However, in reality, we anticipate that some processes will involve feedback or reciprocal relationships such that the impacts of one variable can lead to reverse impacts on the driver (reciprocal paths) or indeed more complex loops involving three or more processes (feedback). Whilst this complicates analysis, as it makes the model non-recursive, there are procedures such as block recursion, two-way least squares and Full Information Methods that can be used to evaluate models with this structure.



POTENTIAL MODEL APPLICATIONS

Agricultural landscapes are essential to human well-being (Power, 2010). The people that live in agricultural landscapes shape the flows of services and disservices that originate from natural capital stocks (Vialatte et al., 2019), shaping their well-being (Bateman and Mace, 2020). Our framework allows the exploration of the causal pathways through which that happens. This is possible through testable hypotheses that link between drivers of change, landscape variables, biodiversity, and farming practices, with ecosystem service provision, specifically biological pest control, pollination, soil quality, microclimate regulation, and crop yield, ecosystem disservices, mainly human-wildlife conflict with large herbivores, and finally human well-being. Our system model offers a multidimensional perspective on the complexity of human – environment interactions that play out in forest-agricultural landscapes. It can be used to analyse the needs and actions of individuals and communities, and by using social and ecological indicators linked to well-being metrics, allows to retain local nuances that are often ignored in landscape planning and management (Palmer Fry et al., 2017).

We are increasingly aware that trade-offs exist between multiple outcomes in forest-agricultural landscapes and need to be managed for, and that this requires to be evaluated in terms of spatial scale, temporal scale and reversibility (Power, 2010). Our approach provides a quantitative tool to allow for that evaluation, albeit with the limitation of not incorporating feedback loops for analytical reasons. Still, the system model structure is flexible and can be adapted to local contexts through the selection of indicators and metrics that meet potentially divergent stakeholder needs and expectations. Thus, it allows us to analyse issues at local scales and across management contexts to identify general patterns and highlight the relative importance of governance, institutions, and external drivers in shaping system model components and their interactions. The use of this socioecological model in different contexts can therefore help reach generalisable policy-relevant insights on well-being, as well as help identify barriers to further well-being improvements and the relative importance of local factors against external drivers playing at larger scales. Nevertheless, the translation of these insights into actual impacts in decision or policy making processes will always be dependent, not only on how insights are communicated to relevant stakeholders, but also on the receptivity of those processes to data-driven information, amongst other factors (Kørnøv and Thissen, 2000). In the context of our study area, we will organise participative and knowledge exchange initiatives with stakeholders acting on national, district or local levels to further explore how insights originating from the system model, for example on the association between specific farming practices, nature conservation, and human well-being, can be incorporated into ongoing and future development and tree restoration plans and programmes originating from the Tanzanian government or other social actors, including NGOs (e.g., Jones et al., 2012).

Two recent policy narratives have emerged from conservation science for crop production landscapes in the rural tropics. One focussed solely on the biodiversity and climate change mitigation benefits offered by ecosystem restoration. The second promotes the intensification of crop production on farmed land as the best strategy to protect remaining natural areas. There have been several calls for management of crop production landscapes to be based on ecological principles, integrating the benefits of natural areas within farmland (e.g., Bommarco et al., 2013; Garibaldi et al., 2019), as well on social dynamics, integrating the benefits of inclusive community-led decision-making (e.g., Fleischman et al., 2020; Chambers et al., 2021). Yet, strategies used in practice often retain a narrow focus on food productivity, whilst assigning biodiversity conservation targets to protected areas set aside from farmed land (Fischer et al., 2014), including recent high profile discussions planning prioritisation of restoration interventions (e.g., Bastin et al., 2019; Strassburg et al., 2020). A reductionist approach on land use planning, including for ecosystem restoration, nature conservation, or food production, is not supported by sufficient evidence of “win-win” outcomes. In fact, it may produce unwanted negative biodiversity, crop yield and well-being outcomes, if it discounts the complex interdependency between people and nature and the relevance of social factors mediating the impact of environmental change on well-being (Daw et al., 2016; Rendón et al., 2019).

We believe the system model proposed here can contribute to evidence-based approaches for policy, management and monitoring in forest-agricultural landscapes in the rural tropics by framing the discourse on land use intensification around people-nature relationships, to reflect the conditions of smallholder farmers and contribute to sustainable development goals (Smith et al., 2019). This bottom-up approach shifts emphasis from global prioritisation and optimisation modelling frameworks, based on biophysical properties, to the local socio-economic contexts that are relevant in biodiversity-food production interactions across large parts of the rural tropics. It also recognises the importance of livelihoods alongside climate change resilience and biodiversity conservation, and ultimately is more likely to garner support and achieve positive impacts when implementing conservation interventions (Bennett et al., 2017). Furthermore, it expands the potential of well-being metrics for locally grounded evaluations on the interlinkages between people and nature, contextualised within the wider landscape of environmental and social change (Milner-Gulland et al., 2014).
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