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Abstract 
India has the largest area of rainfed dryland agriculture in the world, with a variety of distinct types of rainfed dryland farming systems producing most of its coarse cereals, food legumes, and minor millets, and large amounts of livestock. All these are vital for national and regional food and nutritional security. Yet, the rainfed drylands have been relatively neglected in mainstream agricultural and rural development policy. As a result, significant social-ecological challenges overlap in these landscapes: endemic poverty, malnutrition and land degradation. Sustainable intensification of dryland agriculture is essential for helping to address these challenges, particularly in the context of accelerating climate change. In this paper, we present 100 questions that point to the most important knowledge gaps and research priorities. If addressed, these would facilitate and inform sustainable intensification in Indian rainfed drylands, leading to improved agricultural production and enhanced ecosystem services. The horizon scanning method used to produce these questions brought together 40 experts and practitioners involved in a broad range of disciplines and sectors. This exercise resulted in a consolidated set of questions covering the agricultural drylands, organised into 13 key themes. Together, they represent a collective programme for cross- and multi-disciplinary research on sustainable intensification in the Indian rainfed drylands. 
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1. Introduction 
The world’s drylands form an extensive biome ,covering some 45% of the terrestrial surface area (Prăvălie 2016). Some 2.5-3 billion people live and rely upon in the drylands (Mirzabaev et al. 2019). The sustainable intensification of rainfed (non-irrigated), dryland agriculture is a global priority for meeting the Sustainable Development Goals, particularly for poverty alleviation (Goal 1), food and nutritional security (Goals 2 and 3), livelihoods and economic growth (Goal 8), climate action (Goal 13), and halting and reversing land degradation conserving biodiversity and restoring land productivity (Goal 15). 	Comment by Author: Reviewer 1 Comment: “suggest "The world's drylands form India's most extensive..." 

Response: 
We have retained the original sentence, as it pertains to the global extent of dryland biomes. 	Comment by Author: Reviewer 1 Comment: 
“suggest "Between 2.5-3 billion people live in the drylands of India..." 

Response: 
We have retained the original sentence, as it pertains to the number of people living in drylands globally. 
Here we have synthesized the top 100 research questions addressing key knowledge gaps, as identified by scholars and practitioners for rainfed dryland agriculture in India. We have developed this using an adapted version of the Delphi method previously used to identify key questions in a number of fields within the agricultural and environmental sciences (Dey et al. 2020), including ecology and conservation (Sutherland et al. 2019a), global agriculture (Pretty et al. 2010), food systems (Ingram et al. 2013), the environmental influence of pharmaceuticals and personal care products (Boxall et al. 2012; Rudd et al. 2014), water (Brown et al. 2010) and social science and humanities contributions to energy transitions (Foulds et al. 2019). 	Comment by Author: Reviewer Comment: “suggest "We have used this with an adapted..."
This has been changed to fix the typo. 
Our aim was to catalyse the development of a new, cross- and multi-disciplinary research agenda on sustainable intensification for the Indian drylands. To do this, we brought together a diverse group of researchers and practitioners to generate and disseminate knowledge for the benefit of dryland farmers and rural people in India. Our intended audience includes academic researchers within both the natural and social sciences, and decision makers (from the public and private sectors, and from civil society) charged with formulating strategies for research funding, rural development, agricultural policy and resource management. 
We first briefly describe the social-ecological challenges facing the world’s drylands and Indian rainfed dryland agriculture specifically, and then turn to the concept of sustainable intensification. We then describe the methods used to formulate the Top 100 questions. These are classified into four sections and 13 themes, representing different stages of the agricultural value chain and a variety of key focus areas. We conclude the paper with reflections on the process and discuss some of the challenges involved in implementing sustainable intensification at scale. 



The drylands  
Definitions of drylands vary, but mainly centre on relative water availability, which constrains biological productivity. The most common definition is related to aridity, and relies on the ratio between evaporation and evapotranspiration, where a ratio <0.65 currently defines a region as a dryland (Sörensen 2007). Drylands range from hyper-arid, arid, semi-arid or dry sub-humid, with an increasing gradient of primary productivity as the ratio increases. Yet, aridity alone does not fully capture the considerable social-ecological diversity of drylands, and inappropriately makes water availability the core driver of vulnerability. This eclipses many of the economic and political drivers of vulnerability in the drylands (Geist and Lambin 2004; Reynolds et al. 2007; Sietz 2011; Sietz et al. 2017).
The drylands are significant for sustainable development globally. Around 70% are located in Asia and Africa (Mirzabaev et al. 2019), and it is within these regions that the largest relative growth in population is expected by 2050 (van der Ensch et al. 2017). Around a quarter of dryland agriculture is rainfed (D’Odorico et al. 2013) depending on seasonal precipitation, sometimes supplemented by intricate water storage and sharing arrangements, achieving some degree of protective irrigation (Krätli 2015). In these landscapes, neither aridity nor dependence on seasonal monsoon rainfall has historically been an absolute barrier to land-based livelihoods. 
Whilst rainfed dryland systems have, historically, demonstrated great resilience to water variability, they are now vulnerable to the combined pressures of land degradation, climate change and rising food demands imposed by growing and increasingly affluent populations (Mirzabaev et al. 2019). Key to sustainable livelihoods in the drylands is the need to mitigate land degradation, expressed as a combination of soil erosion, reduced plant productivity and reduced groundwater levels. Land degradation is concentrated in areas that contain 20% of the global dryland population (Klein Goldewijk et al. 2017). 
India has the greatest prevalence of rainfed agriculture worldwide, measured both by area and value of production (Rao et al. 2015). A significant portion of rainfed systems lie in arid, semi-arid and dry sub-humid zones, with some 90% of India’s croplands lying in the ‘water limited’ tropics (Milesi et al. 2010). Around 80% of India’s rainfed farmers cultivate less than 1 ha of land; some 30% of the population in degraded semi-arid watersheds live below the poverty line (Ryan and Spencer 2001). The total extent of degraded land is 75.5-103 M ha, with most of this found in semi-arid and arid areas (Ravindra 2007). 

The Indian drylands have diverse climate, resource, production and livelihood patterns, and wide ranges of infrastructure, institutions and policy settings differing across systems. For the purposes of this paper, some key characteristics of dryland farming systems are: Rainfed Mixed (characterized by cereals, legumes, fodder crops, livestock, off-farm activities); Dry Rainfed (coarse cereals, irrigated cereals, legumes, off-farm activities); Pastoral (livestock, irrigated cropping, migration); and Sparse (arid) (livestock where seasonal moisture permits).  The Rainfed Mixed Farming System is the most important of these farming systems, covering 147 Mha and containing between one-quarter and one-third of India's agricultural population. 	Comment by Author: Reviewer 1 Comment: 
“suggest "...policy settings differing across systems." 

Response: 
Changed accordingly.  

A focus on access to irrigation has ancient origins in the drylands of India, and continues to be important. In part, this is currently driven by a widespread emphasis on ‘natural’ water scarcity in the drylands (Batchelor et al., 2003; Mehta 2001; 2005; Mehta (ed.) 2010; Bharucha 2019). From the mid-1980s, a series of decentralised soil and water conservation programmes seemed to provide a promising avenue to building sustainable livelihoods in dryland watersheds. These programmes aimed to reverse land degradation, through boosting groundwater levels, improving soil structure and soil fertility, and enabling collective management by farmers of revitalised watersheds.  
Some projects, particularly those run on grassroots initiatives such as in the villages of Ralegaon Siddhi and Hivre Bazar, have been remarkably successful. But more generally, gains have been patchy, partial and short-lived. In some circumstances farmers benefiting from watershed development projects have become over-extractors, depleting groundwater faster than it is recharged (Samuel et al. 2007; Bharucha et al. 2014; Singh 2018). More recently, watershed development programmes have been reimagined as instruments to strengthen local livelihoods and build capacity to adapt to climate change (Singh 2018; Chaudhari and Mishra 2016; Gray and Srinidhi 2013). 
The sustainable intensification of rainfed dryland agriculture is thus about more than the provision of irrigation and needs to critically engage with changing agrarian livelihoods, dynamic natural resource bases, and changing rural aspirations that collectively mediate dryland agriculture (Agrawal and Agarwal 2017; Singh et al. 2019). It has been estimated that between 40-50% of India’s net sown area would be rainfed even if the country’s irrigation potential were completely met (Rao et al. 2015). Yet, current agricultural scholarship fails to engage with the complex particularities of Indian dryland agriculture (Raina 2006).  
Our Top 100 Questions exercise thus goes beyond water (though the largest theme of questions remains centred around climate, water and dryland watersheds), touching on every aspect of the agricultural value chain, with a view to reorienting agricultural research and practice towards the rainfed drylands. 
Sustainable intensification   
The term ‘sustainable intensification’ (SI) was first proposed to explore the potential for synergies between agriculture and natural capital (Pretty 1997). It went on to be more broadly described as raising yields without additional land conversion, and without causing environmental harm (Baulcombe et al. 2009; Cassman and Grassini 2020). Evidence shows that the use of various forms of sustainable intensification is spreading to more farmers across the world (Baulcombe et al. 2009; Pretty et al. 2011, 2018; Pretty and Bharucha 2014; 2018), with particularly strong evidence for successful application on smallholder farms in the Global South (Pretty et al. 2011; Pretty and Bharucha 2014).   	Comment by Author: Reviewer 1 Comment: “suggest "The term 'sustainable intensification' (SI)..." 

Response: 
Changed accordingly. 
Approaches to sustainable intensification vary (Weltin et al. 2018), with specific interventions ranging from crop varietal improvements, new rotations, water conservation, the system of crop intensification (SCI), integrated pest management (IPM), agroforestry, conservation agriculture (CA), crop diversification (e.g. rotations, intercropping, water harvesting) and the intensification of small patches  (Pretty and Bharucha 2014; Pretty and Bharucha 2018). These practices have extended ambitions beyond simultaneously increasing agricultural productivity with less environmental impact, and towards an agenda of radical ecosystem restoration, community regeneration and social-ecological resilience.  
Evidence from across sub-Saharan Africa highlights the potential of these approaches for sustainable intensification in dryland systems. Examining outcomes from 40 projects and programmes in 20 countries, Pretty et al. (2011) highlighted the beneficial impacts for some 10.4 M farmers and their households, including over a doubling of crop yields, and improvements on around 12.75 M ha, with much of this improvement achieved with locally available resources. At the same time, there have been calls for SI to expand its scope beyond crop and animal production, adopting practices across the entire value chain” (Rockström et al. 2017). 

2. Horizon Scanning 
Horizon scanning is a foresight method used to develop a collective view of future directions in a research field, identify emerging threats or opportunities, or set priorities for research or policy development. It may also be used to identify and scrutinise potential future opportunities and threats, with the aim of increasing preparedness, allowing hazards to be mitigated, and facilitating seizing opportunities. By focusing attention on emerging issues that may not be widely known, the process aspires to catalyse research and proactive adjustment of policies.  
Horizon scanning methods vary widely depending on the aims of the exercise, but there has been a gradual standardisation and improvement over the last decade (Sutherland et al. 2011, 2019 a; b). We used a modified version of the Delphi technique that has previously been used to identify issues of greatest importance for global ecology and conservation (Sutherland et al. 2019a; b).  
The Delphi technique broadly consists of a process wherein experts pool knowledge and build consensus through an iterative process. Scans have both an informative as well as a creative function: they can alert decision makers to emerging issues, as well as synthesize available knowledge and expert perspectives to provide new options for policy or practice (Amanatidou et al. 2012; Hines et al. 2019).  
A focus on policymakers and strategic decision-making is central to horizon scanning practice, but audiences for horizon scans go beyond policymakers. Sutherland et al. (2011) suggest three groups of audiences for horizon scanning exercises: (i) policymakers and practitioners from public, private and third sectors; (ii) funders who may support themes that stakeholders have deemed important and (iii) researchers who may increase their attention to high priority questions. 
A key consideration informing our scan has been the relative neglect of rainfed dryland agriculture across the spectrum of agricultural research in India. Existing efforts in rainfed dryland systems have focussed on crop variety development, expanding the supply of irrigation water and community based natural resource management – chiefly executed through state-run water harvesting projects. There thus remains a great deal of scope for identifying priorities that address the whole agricultural value chain. In making a beginning towards identifying these, we seek to highlight the potential for a far more comprehensive – and cross-disciplinary – research agenda on rainfed dryland agriculture in India. 
To achieve this, the lead authors identified a multidisciplinary team of experts and senior representatives from key agricultural and academic organisations based both in India and internationally. Selection was purposive (Sutherland et al. 2018), aiming for a mix of subject expertise and representing a variety of issues across agricultural value chains. We also aimed for a mix of disciplinary and sectorial affiliations, seeking a balance between academic researchers and those with experience of engagement in agricultural policy or practice. Invitations to co-authors consisted of an outline of the proposed procedure and a template email to forward on to potential contributors in individuals’ networks. The list of co-authors provides full information and details of participating individuals and their host institutions. Once co-authors confirmed their participation, the final list of questions was developed and finalised through the following three stages. 	Comment by Author: Reviewer 1 Comment: 
"...questions was developed and finalised through the following three stages." 

Response: 
Fixed the typo (stage to stages). 
In the first stage, co-authors canvassed their professional networks with requests for contributions of suggested priority questions. The instruction given was to solicit research questions that, if answered, would contribute to the sustainable intensification of rainfed dryland agriculture in India. Co-authors were all also invited to suggest colleagues who might participate as additional co-authors or as contributors. This canvassing was undertaken mainly via email. A few co-authors made use of internal organisation social networks such as Yammer or personal network pages. Following Sutherland et al. (2011) and Pretty et al. (2010), we emphasized the following broad principles for the framing of questions:
i. Phrasing questions as open (e.g. what, when, where, who, why, how, format) rather than closed (leading to yes or no answers); 
ii. Questions that should contribute to the policy or practice of sustainable intensification or improve the policy environment for sustainable intensification; 
iii. Questions capable of being answered by a research team through a realistic research design and through testable hypotheses where applicable (Pullin et al. 2009);  
iv. Questions capable of a factual answer and not dependant on value judgements; 
v. Questions that are impact and intervention related with a subject, an intervention, and a likely measurable outcome.
A total of 366 questions were generated, and then compiled into an anonymised list, so that no information about individual proposers was available to the co-author team during the sorting and categorising stages (Pretty et al. 2010). The submitted questions were lightly edited for clarity by the lead authors, and then sorted into the following thematic categories, following Pretty et al. (2010): (i) Biodiversity, Ecosystem Services and Conservation, and Pests and Disease Management; (ii) Climate, Watersheds, Water Resources and Aquatic Ecosystems; (iii) Consumption Patterns and Health; (iv) Crop Genetic Improvement; (v) Development and Livelihoods; (vi) Energy, Climate Change and Resilience; (vii) Food Supply Chains; (viii) Governance, Economic Investment, Power and Policy Making; (ix) Human Capital; (x) Livestock; (xi) Prices, Markets and Trade; (xii) Production Systems and Technologies; (xiii) Soil Nutrition, Erosion and Use of Fertilizer. The number of questions per theme varied markedly, ranging from three questions in the theme on food supply chains, to 73 questions on ‘climate, watersheds, water resources and aquatic systems’ (Table 1). 
Inevitably, themes had degrees of overlap, with some questions potentially suitable for more than one theme. In this case, the final allocation of questions to themes was decided by the lead authors; all co-authors were invited to consider the final list and comment on the wording or allocation of questions across themes.    


		Table 1: Number of questions submitted for each theme 	Comment by Author: Reviewer 1 Comment: 
“apologies if I have misunderstood, but the 13 thematic categories listed here do not match the following 13 sub sections” 

Response: 
We think this comment refers to the thematic categories listed in Table

 1. If this is the case, we have doubled checked the table against the text. The thematic categories do match (the rows within the table match the themes listed with small Roman numerals within Section 3, ‘The Top 100 Questions’.


	Climate, watersheds, water resources and aquatic systems
	73

	Soil nutrition, erosion and use of fertilizer
	25

	Biodiversity, ecosystem services and conservation, and pest and disease management
	12

	Energy, climate change and resilience
	4

	Production systems and technologies
	59

	Crop genetic improvements
	5

	Livestock
	12

	Human capital
	50

	Development and livelihoods 
	31

	Governance, economic investment, power, and policy-making
	66

	Food supply chains
	3

	Prices, markets, and trade
	12

	Consumption patterns and health 
	14

	Total
	366



At the next stage, the co-author team was divided into groups of 3-6 members, based on their expertise in each of the above thematic categories. Groups were sent the list of questions categorised according to their respective thematic area as well as the full, uncategorised list of 366 questions. Each group member was given a maximum of 30 votes for each list of questions; these could be allocated as they wished against the list of questions in their theme. At this stage, group members worked individually, allocating votes to rank questions within their groups without deliberation. 
When this stage was completed, one coordinator per group was assigned, responsible for facilitating discussion towards the final selection of questions for each group. The task of each group was to collectively review all the submitted and ranked questions. These were displayed in descending weighted order, including all voted and unvoted questions in each group. Groups were invited to revise, rework and reword the questions where necessary. They were also invited to add new questions where gaps in the existing themed questions were identified. The final list of 100 questions maintains the original proportions of questions submitted per theme, with theme coordinators given an approximate target for the final number of questions to be included in their group. The final list of questions was then inserted into a draft paper and sent back to all co-authors for a final check.   

3. The Top 100 Questions 

Following Pretty et al. (2010), we organised the final group of the Top 100 Questions into four sections to represent key stages in agricultural production systems: (1) natural resource inputs; (2) crop and livestock production; (3) agricultural development and policy and (4) markets and consumption. Questions are neither ranked in order of priority, nor in order of numbers of votes received.  
Section 1: Natural Resource Inputs
i. Climate, watersheds, water resources and aquatic ecosystems
Indian agriculture is highly dependent on the seasonal southwest monsoon, which brings around 80% of the subcontinent’s rainfall over a four-month period from June to September (Kumar et al. 2010). The main kharif crop sowing season coincides with this monsoon period, on which rainfed farming fundamentally depends. Climate change is projected greatly to increase monsoon variability, as well as increasing the risks of pest and disease incidence, distribution of run-off, soil moisture regimes, groundwater regimes and flood and drought risk (Jha et al. 2019). 
Inland aquatic systems are also likely to be significantly affected, although the responses of these ecosystems to climate change are still poorly understood (Patel et al. undated). The impacts on productivity and livelihoods of changes in climate differs across the farming systems, from most severe for rainfed cropping in the Rainfed Mixed Farming System, to significant in the Pastoral and Sparse (arid) livestock range grazing systems to least in the Dry Rainfed System on the Deccan with significant irrigated cropping. 
In addition to climate change, Indian water resources continue to be impacted by factors associated with population growth and socioeconomic development. Changing land-uses impact upon runoff regimes, while longstanding over-abstraction and competition for water between sectors places pressures on the available resource. Per capita freshwater availability in India is currently 1545 m3per year, a fall from 5000 m3 per-capita per year at Indian independence in 1947.  
Technologies to improve water management and irrigation efficiency have produced mixed outcomes. In Rajasthan, subsidies for drip irrigation have increased the irrigated area and the total volume of water applied by farmers (Birkenholtz 2017). Groundwater irrigation has replaced many surface water sources across India (Shanker et al. 2011). Landowners are currently given full rights to install wells and abstract water freely under their own land, and most groundwater extraction continues to be controlled by individual landowners (Cullet 2014).  Further south in the peninsular drylands, watershed development projects meant to rejuvenate degraded catchments areas have, over time, resulted in an increase in water extraction, mostly through a proliferation of well-digging on individual farms (Bouma et al. 2007; Samuel et al. 2007; Bharucha et al. 2014; Singh et al 2018; Solomon and Rao 2018). 	Comment by Author: Reviewer 1 Comment: 
suggest "Further south in the peninsular..."

Response: 
Fixed the typo.
While understanding of India’s hydrology and water resources management has increased significantly, the complex interactions and feedbacks between different components of the system present unresolved questions. The ability to monitor, model and predict hydrological variability at different scales remains incomplete. If addressed, these questions would enable development of improved hydroclimatic services. A particular priority will be ensuring that these are co-produced with all stakeholders, most especially dryland smallholders (Bharucha et al. 2018).   
1. What is needed to predict and communicate future hydrological conditions over seasonal timescales to inform effective crop planning and management and how can short-term real-time hydrological and weather forecasting be improved to support farmers during critical periods (e.g. sowing, flowering, maturity)?
2. What efforts and initiatives will help offset the impacts of drought particularly to high-risk, low-capacity small farmers?
3. What are the best strategies for improving water storage and aquifer recharge in the context of recent overuse of groundwater abstraction?
4. What are the best farm-based and non-farm livelihood options for small dryland farmers to increase farmers’ income while also increasing climate resilience?
5. What factors are driving the transition from agro-climatically appropriate crops to water-intensive commercial crops in the drylands? 
6. What factors are limiting the adoption of new technologies to improve water-use efficiency and best irrigation management practices?
7. How do large-scale, human-induced catchment changes (including alterations to crop types and land management practices) alter local and regional hydrological systems?
8. How will the impacts of hydro-climatic changes over the past fifty years in dryland agriculture be shaped by the emerging challenges of climate change?
9. What will be the critical trade-offs in agricultural intensification (e.g. technologies, markets) where shortages of groundwater and soil moisture are experienced?
10. How can the sustainable intensification of rainfed dryland agriculture be aligned with greenhouse gas reduction targets and the building of climate resilience?
11. How can agro-ecological and socio-economic datasets be used effectively to assess and monitor practices, as well as identify knowledge gaps, to prioritise options for the future of dryland agriculture?
12. What are the best location-specific adaptation measures and practices to manage climate change in drylands agriculture and how can such measures be economically identified in a timely fashion?
13. What are the most effective water demand management strategies and how can these be operationalised, to simultaneously improve water supply? 
14. How can improved monitoring of soil moisture and crop water demand be combined with more efficient methods of irrigation and increased wastewater reuse to help meet India’s growing agricultural water demands?
15. What are the climatic thresholds beyond which watershed management and other adaptation practices are no longer effective in dealing with increasing frequency of extreme events (e.g. droughts, floods)?
16. How can soil and landscape management methods be appropriately incorporated into planning for sustainable agricultural practices?
17. How can improved sustainable and intensified cropping systems be developed that will allow farmers to better manage climate variability whilst also increasing net productivity?
18. How can communication of current understanding of water balance studies in different ecosystems be improved to support farmers in their planning of rainfed agricultural practices?
19. How can local small-scale water management be improved to provide supplementary irrigation without creating detrimental downstream impacts on water resources?
20. What are the best strategies for redesigning sustainable agricultural development that goes beyond just crop productivity enhancement?

ii. Soil nutrition, erosion and use of fertilizer 
Predominant soil types in the Indian dryland are alfisols and vertisols in the peninsular regions and aridisols and entisols in the arid regions (Rao 2011). These soils are relatively coarse, with high sand content, and limited nutrient and water-retaining capacity (Srinivasa et al. 2015), representing a significant constraint on crop productivity. In India, on-farm studies of soil fertility status have traditionally focussed on irrigated systems with less effort on rainfed systems. When these are tested, they show deficiencies in a number of micronutrients (Rego et al. 2007). Soil organic matter is also low across the rainfed drylands, as a result of prevailing agroclimatic conditions, erosion of topsoil (Srinivasa Rao et al., 2009; Rao 2011), declining availability of cattle manure (Indoria et al. 2018), and poor rate of return of vegetative biomass to soil via mulch or compost.  	Comment by Author: Reviewer 1 Comment: 
“suggest "When these are tested, they show deficiencies..."

Response: 
Fixed the typo by inserting ‘they’  
A depletion of soil organic carbon stocks are a key concern because carbon improves soil structure to help retain nutrients and moisture. Improved soil management would sequester significant amounts of carbon (Srinivasa Rao et al. 2009), yet recent agricultural practices have contributed to a depletion of soil organic carbon. Some of these practices include excessive tillage, use of heavy machinery for tillage and harvest, excessive or unbalanced use of mineral fertilizers, overgrazing, poor water management and poor crop cycle planning (Bhattacharyya et al. 2015).  
Improving soil health in the rainfed drylands will require more than changed fertilizer regimes. Since the Green Revolution, the partial factor productivity of fertilizers has decreased from 42 kg grain/kg NPK in 1975 to around 8 kg grain/kg NPK in 2010 (Indoria et al. 2018), in part due to continued deterioration in the physical, chemical and biological health of soils (Rao 2011). Alternatives to cattle manure include tank silt, crop residues and husks, green manures, poultry manure, agro-processing waste (such as from sugarcane, tea, jute, groundnut, sericulture, and fruit processing), biochar, vermicompost, and municipal biosolids (Indoria et al. 2018). However, competing uses for some of these alternatives mean they are often not used as soil amendments. For example, crop residues can be retained in the field as a mulch to increase soil nitrogen content and reduce evapotranspiration but then the residues cannot be used to feed livestock or used as a cooking or heating fuel (Valbuena et al. 2012).  
21. What will be the best nutrient cycling and management practices for sustainable intensification of crop-livestock systems in the Indian drylands? 
22. How can soil carbon be increased under dryland conditions, and what trade-offs might ensue if increasing soil carbon results in greater immobilization of nutrients such as nitrogen?
23. How can social capital be improved to ensure better collective use of water in the drylands and better use of communally owned lands to provide biomass to arable areas? 
24. Which crop management practices are best fits to the biophysical and socio-economic constraints of the drylands? 
25. What factors are limiting the adoption of better crop management practices (such as pulse crops after rice) at the different scales of farms, households and communities? 
26. Which soil and perennial crop management (including agroforestry) practices can increase production whilst preventing and reversing land degradation? 
27. What are the priority management practices for improving soil health in drylands?
iii. Biodiversity, ecosystem services and conservation, and pest and disease management
Globally, drylands are home to 17% of the centres of plant diversity, 60 endemic bird areas, and 1300 protected areas (White and Nackoney 2003). Mainstream development policy and practice has tended to neglect the importance of biodiversity conservation as a development issue, and few commentators have discussed the tradeoffs and synergies between biodiversity conservation and sustainable land management in India (but see Amjath-Babu and Kaechele 2015), who find a “reduction in farming system diversity, increase of cultivation intensity, reflecting a reduction in planned and associated agrobiodiversity” across India.  
In an early commentary on watershed development projects in semi-arid India, Batchelor et al. (2003) highlighted how village-level watershed planning tends to ignore biodiversity and habitat conservation, and the need for more explicit financial support for this. Conventional agricultural intensification is a globally significant driver of ecosystem degradation, habitat loss and biodiversity loss even without the conversion of non-agricultural land.  
So far, little attention has been paid to this within Indian rainfed drylands (but see Kumar and Srivastava 2018; Dutta and Jhala 2014). Where this issue has been studied, it has been shown that conventional intensification is likely to have a deleterious effect on species of conservation concern, but increasing rotational land use and habitat heterogeneity and integrating community conservation reserves into the production matrix could have positive biodiversity outcomes (Dutta and Jhala 2014). 
On  Indian dryland farms, weeds compete for scarce water and nutrients, and cause between 10% and 98% of crop losses or total crop failure (Ramamoorthy et al. 2004). Some weeds also hamper the quality of produce, and act as host plants for a variety of additional pests and diseases (Rao et al. 2018). On the other hand, flowering weeds also provide shelter and nectar that parasitic wasps and other beneficial insects need for the biological control of insect pests.
28. How can the predominant models of ‘modern’ (input-dependent) agricultural development that tend to reduce agrobiodiversity be reversed in favour of more agroecologically-based models, so as to increase both biodiversity and resilience sustainably?
29. How does land-use change across the rainfed drylands impact off-farm biodiversity and what synergies are possible between agricultural intensification and biodiversity conservation? 
30. What ecosystem services need to be conserved and stewarded in order to meet interlinked goals of income generation, farm resilience, and livelihood resilience across the dryland agroecosystems of India?  
iv. Energy, climate change and resilience
Energy use in agriculture consists of direct use in machinery and energy consumption indirectly embedded within products (Scheider and Smith 2009). In rainfed drylands, farmers depend heavily on subsidized electricity to run tubewell pumps, and there are thus important intersections between the availability of energy, water, and livelihood security (Mukherjee 2017), best viewed in the context of Food-Energy-Water security (FAO 2014).  
Notably, food production depends on both energy and water, which are interdependent. Water scarcity can be exacerbated by electricity shortages (Chhotray 2011), and with falling groundwater levels, deeper tubewells necessitate electric (rather than diesel-run) pumps (Singh 2019). The spread of electric pumps has often led farmers to need to shift to water-intensive, high-value crops in order to cover costs (Bouma and Scot 2006). 
Furthermore, electricity supply is often erratic, and this has important implications for efficient water use and general resilience. For example, farmers in Maharashtra’s Ahmednagar district report having to go to their fields in the middle of the night to supply irrigation water whenever electricity becomes available and report being unable to gauge how much water is being applied when irrigation is carried out in the dark (Bharucha 2011).  
However, many States are now initiating implementation of the ‘Gujarat model’ of separate lines for domestic and agricultural power. Where efforts are being made to supply farmers with renewable sources – particularly solar-powered pumps (Kumar et al. 2015), questions remain as to whether this will, again, worsen the over-extraction in already stressed aquifers. In relation to rainfed cropping, there are opportunities for substantial savings in energy through conversion from tradition tillage ground preparation to non-till conservation agriculture based sustainable intensification (CASI) which eliminates ploughing by oxen or tractor.  
31. What are the benefits and trade-offs generated by improved mechanisation on different types of rainfed farm?
32. What are entry and structural barriers to improved mechanisation for the most marginalised of stakeholders, including women, the latter, given reported trends of male out migration and a feminisation of agriculture in India?


Section 2: Crop and livestock production  

v. Production systems and technologies
A variety of production systems have been shown to improve yields while improving ecosystem services and revitalising farming communities (Dixon et al. 2001; IAASTD 2009; Pretty et al. 2011; Bharucha and Pretty 2014; Pretty and Bharucha 2018). These show that while there is no ‘silver bullet’ for sustainable intensification that works for all production systems, agroecologically-based interventions can generate remarkable improvements over a wide variety of contexts, particularly if suitably targeted to the characteristics and needs of particular farming systems. 

These production systems include initiatives such as agroforestry, the system of crop intensification, conservation agriculture, the intensification of small patches such as field margins and home-gardens, new crop-livestock or crop-fish systems, and integrated pest management. Many of these systems have been taken up at scale in dryland smallholder farms, particularly across sub-Saharan Africa (Pretty et al. 2011) and more recently in pockets of success in the Indian drylands, often facilitated by community groups and NGOs.  

In Indian rainfed drylands in the decades following the Green Revolution, a number of alternative production systems have been implemented at varying scales – from small-scale exemplars to state-wide initiatives – in the decades following the Green Revolution. The dryland states of Karnataka, Andhra Pradesh, Madhya Pradesh, Tamil Nadu, Maharashtra and Gujarat have policies or laws supporting organic agriculture, and India as a whole has an estimated1,149,371 organic producers (Willer et al. 2020). In Andhra Pradesh, an ambitious policy aims to roll out the agroecological package of Community-Managed (formerly Zero Budget) Natural Farming (CMNF) to all 6 million of the state’s farmers by mid 2020s (UNEP 2018). The System of Crop Intensification (SCI) is being applied across a number of crops, including finger millet, wheat, maize, sugarcane, mustard, a variety of pulses, vegetables, horticultural and spice crops, including via state and central government interventions (Adhikari et al. 2018). There have also been efforts to refine existing agroecological methods to suit the particularities of semi-arid and arid agroecosystems. The Central Arid Zone Research Institute (CAZRI) has, for example, developed agroforestry systems to stabilise sand dunes, wherein crops are inter-planted with a combination of Acacia spp. (Kavia and Harsh 1993). 

Ultimately, investigating and scaling production system improvements for the drylands will be most cost-effectively done by participatory farming systems research and development approaches, bearing in mind the degree of integration of agroforestry-livestock systems in the drylands and the knowledge-intensiveness of appropriate innovations and system changes in the drylands.  

33. What have been the key drivers of landscape and livelihood diversification in different dryland farming systems? 
34. What institutional and incentive mechanisms can be used to create awareness and increase uptake among the resource poor farmers for integration of additional system components on rainfed dryland farms, especially high-value woody components (fruit trees, medicinal trees, fodder and fuelwood shrubs)?
35. To what extent do various informal seed systems contribute to the provision of quality seed for the most important dryland crops and how can these systems be improved? 
36. How well-suited are currently-available varieties of major dryland crop varieties to the biotic and abiotic stresses that can be anticipated over the medium and long-term in the rainfed drylands? 
37. Why have IPM and other preventative measures failed to offer scalable alternatives and what can be done to address this gap, particularly as dryland crops such as black gram, green gram and soybean are facing severe pest attacks annually?
38. What production systems and technologies related to sorghum-based systems and dairy cattle-based systems are suited for sustainable intensification given continuing land fragmentation? 
39. What are the potential benefits, drawbacks and trade-offs that might be generated by new agroecosystem innovations in the rainfed drylands, including for horticulture, agroforestry, silvopasture, conservation agriculture and systems of crop intensification?
40. How can organic methods of sustainable intensification be spread to different types of rainfed farms? 
41. What are long-term impacts of social capital building programmes such as participatory watershed and irrigation management on both ecosystem services and farm productivity?  
42. What key lessons can be applied to the future initiatives in the drylands from social capital building programmes such as Joint Forest Management, Participatory Irrigation Management, and Farmer Field Schools?
43. What are the best ways to communicate the knowledge-intensive innovations required for the drylands to farmers of all types?
44. What farm methods are most effective in managing early- and mid-season drought and make the best use of short crop growing periods in the rainfed drylands? 
45. What are the most affordable and reliable equipment, automated farm management systems and effective service providers currently in use in the rainfed drylands that could be spread to more farmers? 
46. What are the most effective policy, institutional and market support mechanisms to support more adaptive farming strategies in different agroecological zones? 
47. How can conservation agriculture in rainfed systems produce simultaneous benefits for food, farm incomes and soil health in the drylands? 
48. To what extent do current management approaches correspond with the intrinsic components of a comprehensive dryland management approach designed for sustainable intensification?  
49. What are the biodiversity implications of current management recommendations in different dryland farming systems and how can both farm and non-farm outcomes be improved? 
vi. Crop genetic improvements
From the mid-20th century onward, crop varietal improvement – mainly through hybridization, followed by selection – has chiefly focussed on yield and quality of key cereal crops, resulting in remarkable improvements for rice, wheat and maize. Dryland crops have received much less attention but have also benefited from some breeding programmes. Key dryland grains in India include finger millet (Eleusine coracana), pearl millet (Pennisetum glaucum), sorghum (Sorghum bicolor) and maize (Zea mays), all of which have historically shown less sensitivity to climate variability and  yield declines under climate extremes than the more water-intensive crops such as rice (Oryza sativa) (Davis et al. 2019). 	Comment by Author: Reviewer 1 Comment: 
“common names of crops listed here - is it necessary to also show the Latin names in italics, the first time used?” 
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Varietal development for sorghum and pearl millet began in the 1960s through the All India Coordinated Crop Improvement Projects, with short-duration, high-yielding varieties having an evident impact on yields. By the early 1990s, around 55% of the area sown to sorghum and pearl millet was planted with improved varieties, rising to around 80% in the mid-2000s; yields have since doubled (Pray and Nagarajan 2009). Yet, as with the case of improved varieties of rice and wheat (Triticum sp.) during the Green Revolution, adoption of improved dryland crops has occurred mostly on farms with relatively favourable growing conditions and in states benefitting from a relatively well-developed seed production and market infrastructure (Rai et al. 1999, in Pray and Nagarajan 2009, p. 18). 

Development has continued through both private and public sector initiatives, with a focus on yields as well as disease resistance. Crop breeding for improved nutritional content is also important, given the overlap of low yields, poverty and malnutrition in the rainfed drylands. A successful example in India is the development of enriched pearl millet crops (Govinderaj et al. 2019). Key legumes include chickpea (Cicer arietinum), pigeonpea (Cajanus Cajan) and groundnut (Arachis hypogaea). These have been the focus of conventional breeding programmes initiated in the 1960s. More recently, efforts have been initiated to develop the genomic resources available for these crops (Varshney et al. 2013), opening the way for molecular breeding approaches to begin to be used. 

One unusual feature of the Indian drylands is the exceptionally high straw/grain price ratio because of the strong demand for livestock feed in the Rainfed Mixed Farming System. However, in general there has been less progress in forage improvement for Indian conditions, except for the improvement of the dual functions of some crops such as stay-green sorghum. There has been little progress on bioenergy crops which were once seen as a panacea for the wastelands. However, some progress has been made with the selection of Acacia trees and shrubs and their management in agroforestry systems in the Sparse Arid Farming System in Rajasthan. 

Overall, the most rapid successes from crop improvement were generally associated with a good understanding of the whole mixed crop-livestock farm, of risk management by farm households, and of input and produce chains. A number of institutional and regulatory measures are required in order to ensure that smallholders benefit from these improvements. These include careful attention to issues of intellectual property (Blakney 2009), the regulation of technology and engagement with farmers at every stage of crop development and seed multiplication, including during breeding.   
50. What institutional changes are required to facilitate a shift in plant breeding and selection approaches to deliver more diverse and heterogeneous varieties better suited to both yield improvements and climate resilience? 
vii. Livestock
The Indian drylands support 65% of the country’s livestock. Nomadic and semi-nomadic pastoral communities in these landscapes rely on a number of different crop-livestock management regimes, from nomadic and semi-nomadic pastoralism in the most arid zones to agro-pastoralism and crop-livestock-tree systems in the less arid zones. A rich constellation of traditional management practices has supported livestock-based livelihoods, including providing water to livestock through the use of small-scale water harvesting and storage systems such as johads (rainwater harvesting tanks) and tobas (dug ponds surrounded by dense stands of fodder grasses), reciprocal arrangements with settled farmers, the use of fallow land for grazing, and the maintenance of sacred pastures and community grazing lands.  

The complexity and context-specificity of these systems necessitates a whole-farming-system approach focussing on the entire production system and taking into account traditional ecological knowledge and traditional techniques for crop and landscape management (Tanwar et al. 2018). Future threats to livestock-based systems in the drylands are likely to come from increasing climatic variability affecting livestock feed availability and the negative effects of temperature-induced heat stress on livestock productivity, progressive land degradation, conversion of traditional grazing lands and conflict with sedentary crop producers (Mirzabaev et al. 2019).    

51. What constrains the use of technologies and practices (e.g. feed mixes, appropriate breeds, pest and disease management, or smart supplements) that best increase livestock productivity and profitability while also minimising environmental concerns such as methane emissions and soil degradation? 	Comment by Author: Reviewer 1 Comment: “Questions 55, 56, 57 should be 52, 53, 54” 
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52. To what extent are integrated crop-livestock systems more sustainable and resilient to climate and market shocks than specialized farming systems given the effects of current policies on draught power and manure availability? 
53. What intensification strategies can generate synergies between using conservation agriculture in cropping systems and improving livestock productivity and profitability?  


Section 3: Agricultural Development and Policy
viii. Human capital
Sustainable intensification is knowledge-intensive, requiring technological and social innovation, collective learning, and the development of communities’ capacity to apply this knowledge productively within their own unique contexts. Participatory development and dissemination has been key to this, including participatory varietal breeding (e.g. Assefa et al. 2011; 2013), the revitalisation of traditional knowledge, the use of ‘new media’ such as Information Communication Technologies and online social platforms, and collective learning from peers across landscapes. Farmer field schools and other forms of peer to peer learning (Hegde et al. 2018) have been key to the spread of a number of sustainable intensification interventions, particularly for integrated pest management (IPM), where they have been shown to improve yields and incomes (Van den Berg and Jiggins 2007; Pretty et al. 2011; FAO 2019).  
In India, a key barrier to productive livelihoods has been the widespread neglect of dryland smallholders in formal skills provision, public agricultural extension and government livelihood support (Gajjar et al. 2019). Extension services remain fixed in a ‘transfer of technology’ mode (Sajesh and Suresh 2016), not necessarily targeting socially or economically marginalized farmers or engaging with farmer to farmer or community to community knowledge exchange and learning processes. These are also understaffed, with an estimated 100,000 extension agents in post (of the 1.3-1.5 million required) (Glendenning et al. 2010).  
Where extension services are available, many farmers lack the opportunity to benefit, and information may be provided to farmers who are either from privileged groups or those who are easiest to reach (Cole and Fernando 2012). Partly as a result, less than 6% of farmers report receiving information from a public extension agent in India (Glendenning et al. 2010). Yet, participatory and collective learning have shown remarkable potential, most notably within grassroots movements initiatives for soil and water conservation and within initiatives for learning new agroecological techniques.  	Comment by Author: Reviewer 1 Comment: 
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A notable example is the ‘mega camps’ bringing together thousands of farmers to learn about Community Managed (Zero Budget) Natural Farming (Khadse et al. 2017; Khadse and Rosset 2019). Radio and video, as well modern information and communication technonologies also have the power to reach farmers in local languages with ideas for sustainable agriculture (Bentley et al. 2019, Chowdhury et al. 2015, Zoundji et al. 2018; Steinke et al. 2020).  
54. What are the participatory approaches and methods that contribute to making sustainable intensification of agriculture targeted, appropriate and relevant to all farmers in specific geographic areas? 
55. What are the essential components required to build farmers’ and grassroots extension workers capacity for integrated soil management? 
56. What are the key factors that facilitate collective action for resource management or agricultural transitions that is functional and sustainable over the long term? 
57. How can we ensure farmer participation and ownership in exploring and implementing sustainable solutions in dryland agriculture (including farmer groups, women self-help groups, farmer producer companies)?
58. How can the social sciences help agricultural innovations and their uptake in sustainable intensification, particularly related to forms of knowledge, interaction between multiple and unequal stakeholders, social and cultural specificities that shape outcomes of different farms? 
59. What are the appropriate combinations of natural resources, human resources, land use systems and enterprises in dryland agriculture that would enable improvements in both natural capital and farm income? 
60. How can the challenges presented by the entry of new technologies and markets in dryland ecosystems be quickly assessed and the information quickly disseminated to the farming community and practitioners? 
61. How can innovation platforms be created to improve the knowledge gaps among farmers, community-based organisations and gram panchayats to improve the development and uptake of key agricultural innovations? 
62. What are the barriers to widespread adoption of SI components such as Conservation Agriculture (CA) and System for Crop Intensification (SCI) in the drylands? 
63. What social, economic and cultural interactions influence adoption when dryland farmers on different types of farm are introduced to new technologies? 
64. In what ways can improved communications (mobile and internet) among and between farmers and government increase resilience (e.g. through provision of climate information)? 
65. How can the role of farmers and private sector-led extension services be integrated into new farming systems in dryland areas to improve profitability for farmers? 
66. How can the coverage of extension and advisory services be expanded across different zones in the Indian drylands?  
67. How can traditional knowledge systems be aligned with other knowledge systems in the sustainable intensification of agriculture in Indian drylands so that effective traditional practices are accepted and promoted?  

ix. Development and livelihoods
Productive and resilient agricultural livelihoods are essential for mitigating multidimensional poverty and hunger in drylands. Low agricultural productivity is a key driver of this incidence. Sustainable land management can address this constraint, with positive co-benefits for income equality, poverty reduction, food security, land degradation and climate change mitigation and adaptation (Mirzabaev et al. 2019). This is increasingly vital under conditions of climate change, which is expected to disproportionately affect those already most vulnerable within communities of smallholders in the rainfed drylands. 
Rural women in semi-arid regions are disproportionately vulnerable, as a result of longstanding economic and social marginalisation, lack of mobility and exclusion from decision-making (Yadav and Lal 2018). Increasing climate variability, land degradation and deepening water scarcity add substantially to women’s burdens of household labour with a greater amount of time and energy to be spent in collecting water and gathering fuel. Land rehabilitation projects globally have not yet paid significant attention to this gender-differentiated aspect of land degradation, nor to women’s specific knowledge and priorities for land restoration (Mirzabaev et al. 2019) or to their accessibilities and entitlements and their access to vital agricultural resources such as fertiliser (Farnworth et al. 2017). 	Comment by Author: Reviewer 1 Comment:
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In India, a number of initiatives mainly focused on decentralised soil and water conservation (‘watershed development’) have been an important effort towards crafting complementarities between land restoration and livelihood and poverty alleviation objectives (Kerr 2002; Singh 2018). Yet, there remains a gap between policy and practice. Conservation of natural resources and poverty alleviation objectives may involve trade-offs, and may prioritize high-value (and ‘thirstier’) crops (Bouma and Scott 2006; Ravindra 2007; Samuel et al. 2007; 2009; Daftary 2014; Bharucha et al. 2014).    
68. How can the prevailing paradigm of agricultural ‘productionism’ that continues to dominate most research and development agendas be shifted so that development efforts are based on more inclusive thinking and practice about sustainable rural transformation on sound agroecological foundations and humanistic values?
69. How can livelihoods best be redesigned and diversified in a manner that is consistent with regenerative natural resource management practices and that pays particular attention to women’s roles, burdens and benefits?
70. What are the best options to sustainably increase employment opportunities among rural youth within the broader context of alleviating rural poverty and making rural life more productive, secure, dignified, and respected? 
71. How is the implementation of sustainable intensification influencing the resilience of smallholder farms and households, and how can resilience be amplified?
72. What are likely to be the most effective and feasible livelihood support initiatives under different scenarios of vulnerability and across different farm types?
73. What benefits can traditional uses of nonfarm land and indigenous knowledge systems contribute to sustainable development and livelihood development programmes?
74. How can more and better investment in sustainable agricultural practices be encouraged with particular respect to effective linkages between scientific, technological, ecological, sociocultural, and economic components? 
75. How can government development strategies, particularly in local government, be focused on achieving the desired outcomes for sustainable livelihoods in the rainfed drylands, and how can they mesh with civil society initiatives and private-sector interests and capabilities? 
x. Governance, economic investment, power and policy-making
Sustainable intensification is also a governance challenge. It involves navigating between multiple (sometimes opposing), agendas, and bringing together stakeholders with vastly different interests and markedly different levels of power and political entitlement. Transitions to sustainability involve the management of risks and trade-offs, the identification of unintended outcomes, and mediating between the interests of (often powerful) incumbent actors, who may dilute, co-opt or oppose innovations that challenge their interests. Ambitious policies need to be matched by effective governance, enacted through well-functioning formal and informal institutions and supported with adequate investment.  
Sustainable agriculture, in particular, depends on a broad spectrum of policy-making going beyond the immediate remit of decision-makers tasked with farming and even rural development. For example, dryland farming is greatly influenced by drought policy, which, going forward, will need to shift from a reactive mode (emphasising declaration of drought and disbursement of relief) to a proactive mode (emphasising strategies to prepare, mitigate, predict and early warning) (Bandyopadhyay et al., 2020).  
In India, a key thrust of agricultural and rural development policy has been increasing investment in irrigation. Between 1981-2014, 25% of developmental investment was allocated to irrigation and flood control while agriculture and allied activities (including investment in rainfed agriculture, received only 19.2% of investment (Bathla et al. 2018). Subsequent investment in soil and water conservation projects represented a bold set of policy initiatives to redress this imbalance. Policy development was iterative, representing phases of learning as outcomes failed to match initial ambitions (Singh 2018).  
Further national policy development in the rainfed dryland have included attempts to marry climate action and energy policy with dryland agriculture through a National Biofuels Policy, which like watershed development policy, invokes strong ‘win-win’ narratives around the potential to address local development challenges while meeting broader national objectives (Pradhyan and Ruysenaar 2014). However, even synergistic policies such as farm pond schemes in Maharashtra or solar powered drip irrigation in Rajasthan involve trade-offs (Kale 2017). 
Critical scholarship on trade-offs and potentially maladaptive consequences is nascent but growing. At state level, ambitious policy making has introduced some rainfed dryland farmers to innovative and agroecologically-based practices, for example Community-Managed (Zero Budget) Natural Farming in Andhra Pradesh, a relatively unique example of state-led roll out of an agroecological package at scale (Bharucha et al. 2020).  
76. How can existing inequalities and lack of access to entitlements and services be overcome in the redesign of dryland agroecosystems, with a particular focus on gender equity, unjust land rights, land fragmentation, illegal settlements and land grabbing? 
77. What is the best role for financial products (such as loans and insurance packages) to increase the resilience of dryland agriculture given the stochastic nature of rainfall? 
78. How can the professional interface between science and policy be strengthened to enable the sustainable intensification of rainfed dryland agriculture?	
79. In what way can public-private partnerships best contribute to the sustainable intensification of dryland agriculture? 
80. What policy support is necessary in order to increase the at-scale adoption of small-scale and relatively low-cost technologies such as sprinkler and drip irrigation systems and water storage technologies such as simple earthen and stone dams?
81. What curriculum changes are needed in formal agricultural universities and institutions to foster an adaptive research agenda in the context of new challenges posed by climate change and new market structures and taking into account the need for new cultures of research development, ones not dependent on ‘ideal conditions’ on test fields. 
82. What are the priority policies for supporting a sustained regeneration of aquifers in the rainfed drylands?
83. How will the evolving politics of livestock management affect the availability of draught animals and manure amongst the poorest smallholders in rainfed dryland agroecosystems, and how can farmers maintain mixed crop-livestock agro-economies under these policy regimes?
84. What existing government programmes align with the aims of sustainable intensification and what has been their impact? 
85. What is the role of public institutions of research, education, community engagement and policy enactment in fostering transformation away from narrow productionist approaches and how can public programmes be improved with direct input from multiple stakeholder groups?
86. Who are the main stakeholders involved in making decisions about agricultural investments at different scales and how can investment decisions be made more inclusive?
87. What are the most important ethical considerations that need to be incorporated into the development and spread of policies and strategies focused on the sustainable improvement of dryland agriculture in India? 
88. What are the medium and long-term effects, at landscape level, of existing policy regimes governing the rainfed drylands, and how can uncertainty about second-order effects be better incorporated into policy design?
89. What policies for innovation are appropriate at different scales, given that rainfed dryland systems are characterised by high variability across space and over time? 
90. Under what conditions are risk insurance policies worth considering and applying, and how do they compare with farm subsidies (e.g. N fertiliser)?
91. What are the primary economic barriers to investment in new agricultural practices in the rainfed drylands, and how can the subsidy regimes be redesigned to boost production of dryland crops sustainably?
92. What could be the interests, motives and considerations behind the reluctance of the formal agricultural scientific and policy establishment in encouraging adoption of Conservation Agriculture (CA) and System of Crop Intensification (SCI) methods that are known to increase yields and reduce farm costs?


Section 4: Markets and Consumption
xi. Food supply chains
Food supply chains are all the activities that take place in food production, from on-farm to the point of consumption (Pretty et al., 2010). Efficient supply chains are key to sustainable agri-food systems, particularly within resource-constrained contexts. Across India as a whole, around 40% of agricultural produce is wasted during transportation between farm and the consumer mainly due to poor handling and storage practices, such as improper packaging and lack of cold storage (Pingali et al. 2019). Together, harvest and post-harvest food loss in India are estimated to cost US $13 billion annually (Prakash 2018). Intensification of production thus needs to be accompanied by the development of adequate infrastructure to handle, store and transport produce.    
93. How can storage capacity be enhanced to reduce post-harvest losses, including through the potential increase of private sector involvement and use of indigenous knowledge?  

xii. Prices, markets, and trade
Around 52% of agricultural households in India are indebted, with the size of average outstanding loans increasing by 3.5 times between 2002 and 2012 (Dandekar and Bhattacharya 2017). In drylands, economic policy since the Green Revolution has driven the production stagnation of millets and pulses (Kumar 2019) crops that are both suited to the physical geography of these landscapes and are nutritionally important for the most malnourished rural populations. 

India is now a net importer of pulses (despite its status as the second largest producer globally) having lifted import and customs duties from the mid-2000s onward. Minimum support prices, while rising over recent years (Varma et al. 2019), remain lower than domestic prices (Varghese et al. 2019). What is needed in addition to more robust support pricing is an adequate procurement policy. For example, Varma et al. (2019) estimate public procurement for pulses “has been negligible”, amounting to just 1-4% of production between 2012 and 2015 (compared with 28-30% for cereals). 
94. What are the most pressing challenges that farmers face as a result of existing market structures governing availability of inputs, and how could incentives need to be revised in order to support transitions to sustainable intensification? 
95. What are the most equitable and effective ways to reduce the debt burden on resource-poor farmers and expand the supply of agricultural credit to those with insecure land tenure, women, and other marginalized groups? 
96. What risk perceptions do input dealers have with new products and technologies, and how has this impacted wider availability and adoption? 
xiii. Consumption Patterns and Health
India has a noteworthy track-record in augmenting the production of specific foods in order to meet food security goals, the application of Green Revolution technologies for cereal staples and the ‘White Revolution’ for milk production being key examples. Yet, there remains much to be done to ensure secure and stable access to nutritionally-important foods for much of the population, particularly in the dryland areas. Micronutrient deficiencies are common, partly due to excessive and unbalanced fertilizer use during the Green Revolution making dryland soils deficient in nutrients such as boron, copper, iron, manganese, molybdenum and zinc. 
Large proportions of the Indian population consume very low levels of fruit and vegetables (Minocha et al. 2018; Choudhury et al. 2020). It is widely recognized that micronutrient deficiencies are reduced by diet diversity, which in turn is fostered in rural areas by smaller farms and diversified landscapes (Herero et al. 2017). In rural India, around 75% of young women are anaemic, half of children under five are malnourished, and over 40% are stunted (Chava and Shah 2012; DeFries et al. 2018). At the same time, an emerging dietary transition (Rampal et al. 2018) – not restricted to urban areas (Law et al. 2020) – is leading to the emergence of type 2 diabetes and hypertension as major public health concerns (Shetty 2012). 
There is a small and predominantly elite demand for fortified foods such as amaranthus, flaxseed, various indigenous millets such as ragi, kodu, etc. that is also on the one hand driving up production of these niche, nutritional crops in rural areas for consumption in urban areas. In rural drylands, aspirational shifts and personal choices are moving away from millets and towards polished rice in the South (Morisson 2016; Chera 2017) and processed wheat in the North (Kumar 2019), with critical implications for nutrition. 
97. What is required to ensure agricultural policies transition away from a narrow focus on food security to a wider focus on nutrition security, addressing both under- and over-consumption of food?
98. What changes in food consumption patterns would create more market demand for crops best grown in the rainfed drylands?
99. What new opportunities and threats will emerge from changing trends in urban and rural diets, such as the rising demand for ‘healthier foods’ like pulses and millets?  
100. How can issues of diet and nutrition be incorporated into sustainable intensification of agriculture in the drylands, taking special account of micronutrient malnutrition and hidden hunger?

4. Conclusions 
We have collectively generated a list of the Top 100 Questions considered by experienced scholars in the field to be key to the sustainable intensification of agriculture in the Indian rainfed drylands. These have been posed by a multidisciplinary consortium of researchers and practitioners, using a modified Delphi technique that has previously been used to identify key questions and novel, emerging threats (Sutherland et al. 2019a), including in agriculture (Pretty et al. 2010).

The questions represent knowledge gaps that need to be filled in order to ensure sustainable intensification in India’s rainfed drylands and have been framed so that they are capable of being answered through a realistic research design or through the posing of testable research hypotheses. We note that there are many interdependencies between the questions and thus research approaches which are targeted to specific farming systems will be essential for effective investigation of many of the questions. 

Our two main aims in undertaking this exercise have been to (i) inform future directions of research funding and policy, and (ii) directly inform the directions and priorities of individual researchers. We also hope that this exercise will encourage greater dialogue between stakeholders, so that leading experts in the field are able to inform the directions of research funding and policy, and so that policymakers are able to set strategic priorities informed by the expertise of subject experts. 

A key priority in this exercise has been the need to foster multidisciplinary and cross-disciplinary knowledge creation, including posing questions answerable by researchers from across the social sciences and humanities. We anticipate that practical progress towards sustainable intensification will require new disciplinary coalitions, in which natural scientists working on new technical innovations and production systems work in effective interdisciplinary teams with social scientists and those from the humanities working on issues of management regimes as well as the values, norms and institutions which could support the redesign of agricultural systems (Hill 1985; Pretty et al., 2018).   

While the questions arrived at cover a range of thematic issues, no single scanning exercise can provide a definitive guide to key priorities across social-ecological fields as complex as sustainable agriculture. Individual scans are deeply contingent on several factors, including the specific group of researchers involved, the networks canvassed, the agendas of individual participants and the most ‘visible’ or pressing priorities at the time the scanning exercise was conducted. 

In order to generate as broad-ranging a list of questions as possible, we have consulted widely, canvassing initial questions from across the very extensive networks of the co-authors involved, and have specifically gone beyond scholarly academic networks to include the views of colleagues working at the interface of research and practical programmes. A key feature of question selection exercises to date has been their emphasis on consulting scholarly networks rather than canvassing questions directly from stakeholder groups (such as farmers, in this case). This is a potential avenue for further work and methodological development. We would also suggest that the questions selected are all broadly amenable to research designs crafted using a co-production approach and using participatory methodologies.  	Comment by Author: Reviewer 2, Comment 10:  “Moreover, I feel a general weakness of the paper is its surprising neglect of the agency of dryland households and consideration of their objectives; falling into the trap of focusing on the agendas of policy makers, researchers and advocates instead. There is a gesture toward this in Q 40 regarding agroforestry, but I believe this needs to be addressed more generally (for more practices) and more specifically (from the point of view of potential benefits, drawbacks and tradeoffs FOR FARMERS).” 

Responses: 
We have added this sentence in addition to explaining our perspective within the Table of Corrections. 

The scan was conducted over a period of three years, beginning in the summer of 2016. In reaching agreement of the final list of questions, the authors have been able to identify a relatively stable and longstanding set of knowledge gaps. These questions have thus remained relevant over a long period, and are not restricted to the most ‘visible’ issues at the time the scan was initially conducted. Indeed, several questions represent knowledge gaps that have remained unresolved over a period of decades. In our view, this highlights the need for greater emphasis on rainfed dryland systems within agricultural research and policy.    	Comment by Author: Reviewer 2, Comment 1: 
“Having said that, I also wonder how many of these same questions would have come up in the same way a decade or more ago?” 

Response: 
We have added this sentence to better highlight our perspective on these long-standing questions, in addition to explaining our perspective in the Table of Corrections. 

We also recognise that this scanning process involves difficult and imperfect trade-offs between questions. Reducing the initial list of 366 received questions to a 100 will have resulted in the loss of some questions of importance to the drylands. The final list, while reflecting broad expert consensus on the Top 100 Questions is thus very much contingent on the initial list of questions submitted, as well as the specific negotiations made within groups on which questions to keep or discard. Within our body of questions, some emerging knowledge frontiers, such as the role of soil microbiomes, and some longstanding concerns, such as salinization and nutrient pollution of groundwater sources, are thus not included. 	Comment by Author: Reviewer 2, Comment 8:
“Where is the mention of emerging appreciation of the roles of microbiomes (soil, plant, etc) in agricultural sustainability? Perhaps more surprising, some challenges -- such as salinization of soil and water and nutrient pollution of groundwater resources -- that have been well-recognized and which likely are to be greatly exacerbated under climate change, are not mentioned at all.
And, perhaps most surprising of all, I found the section on energy (p. 13) narrowly focused on a few rather longstanding questions on mechanization and with no attention to both opportunities and challenges at the nexus of agriculture x energy x water, for example.” 

Response: 
We have added this sentence to address the reviewers concern that some topics and emerging knowledge frontiers have not been addressed in the paper. 


Editing our questions for clarity and framing the questions so that they are amenable to research programmes involves reducing some of the complexity of the underlying issues. We have attempted to minimize the danger of producing a generic list of questions by avoiding ranking the final list. We also acknowledge that the questions listed here are framed as applicable to rainfed drylands as a whole. Yet, these landscapes are clearly not homogenous, with some 16 different types of rainfed dryland farming systems distinguished across India and communities living in these areas being differentiated by gender, caste, capacities, and aspirations. Farmers across these systems will have different priorities, access to entitlements and work within different social-ecological constraints. Women, minority communities and other vulnerable groups will also have unique priorities and constraints. We have not specifically accounted for this variability within the process of generating questions, but we anticipate that answering these research questions will involve due recognition of the heterogeneity of dryland landscapes and communities across India. 
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