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			The rationale for public expenditure and political support for large-scale science infrastructure is commonly underpinned by a universalist logic of big science’s benefits. Literature assessing the impact of big science focuses on its contributions towards new fundamental insights about the universe; the development of skills, capabilities, networks, and innovation; and the development of globally transformative technology platforms that in turn make significant impacts on global human development. However, research into the local development impact of big science infrastructure is scarce. In this paper we reflect on the development impact of a big science project at the local level, drawing on the case study of the Square Kilometre Array telescope in South Africa’s Karoo region. We find that the universalist logic that appears to apply at the global and national levels does not necessarily apply at the local level, where big science has resulted in human development benefits, but also substantial economic and social costs. On this basis we recommend that big science infrastructures, particularly in marginalised areas of developing countries, require a localised development proposition that takes into account local social complexities on the basis of extensive local engagement.

			Significance

			
					•	A synthetic review is presented of the different causal pathways through which big science may impact on human development.

					•	Analytical distinctions are developed between the human development impacts of big science at the global, national, and local scales.

					•	Considerations are put forward for a developmental agenda for big science facilities, particularly in developing countries.
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			Introduction

			The presence of the Square Kilometre Array telescope (SKA) on the African continent has prompted reflection about the juxtaposition between large-scale globalised science and its host environment in South Africa’s arid, sparsely populated and geographically isolated Karoo region. In a country where poverty, inequality and unemployment are serious social challenges, the human development implications of all policy choices, including science policy choices, are critical. To contribute to the national conversation about science policy and human development, including that related to the SKA, we present key findings from a literature review examining the relation between big science and human development. The literature review forms part of a project undertaken for the DST-NRF Centre of Excellence in Human Development. We apply general principles of this relation to the SKA, with the aims of gaining new insights into the manner in which this large-scale research infrastructure contributes to human development and reflecting on the big science–human development relation from a South African point of view.

			The notion of ‘big science’ has emerged as shorthand for the increasingly large science projects that first proliferated during the Cold War.1-3 The term was coined in 19614 to refer to a post-war political economy in which scientific research was a national security priority requiring state intervention and resources, as manifested for example in the first particle accelerators, as well as the Manhattan Project and much of the work of DARPA. The term ‘large-scale science facilities’ is also commonly used to refer to big science5, primarily in relation to a facility’s scale and role in systems of innovation. Nonetheless, in debates about human development impact, the two terms are broadly interchangeable.5 ‘Large-scale research infrastructure’ has been seen to include telescopes; accelerators; facilities for biomedical research; sources for laser, neutron or synchrotron radiation, molecular imaging techniques, high magnetic fields, etc.; and high-performance supercomputers and grids.5

			The rise of big science meant that scientists had to work in increasingly large hierarchical teams, and manage demands from new stakeholders: government, subcontractors and supply chains. Other analytical dimensions that distinguish big science from the broader scientific landscape include issues of geography (the growth of big science to encompass, sometimes literally, cities or regions), economics (the proliferation of multibillion dollar projects), multidisciplinarity (big science requires multiple academic disciplines and engineering technologies), and globalisation (big science projects generally require international collaboration at many levels).2

			The knowledge and technology developed within big science facilities not only advance our understanding of the universe, but generate new classes of products and services that disrupt markets and change lives. At the same time, big science requires big funding, and hence policy trade-offs and public approval.6,7 The scale of big science projects means that they exist in the public sphere – the notional space in which open debate takes place about matters of public interest.8 In this public sphere, big science projects require social legitimacy, underpinned by public acceptance and mutual benefit. Such a social contract should ideally be supported by human development outcomes that justify the financial and opportunity costs of big science projects. Cultural, social and political contexts play important roles in shaping public perceptions of science.9 For example, understanding public acceptance has been a key factor in informing the strategic decisions of nuclear fusion facilities, as it is for the human genome project.10-12 In both cases, public perceptions of the risks and benefits associated with big science play a central role in framing science projects as publicly acceptable or not. So, what is the relationship between big science and human development?

			We began our analysis by examining some of the leading contemporary conceptions of human development, with a focus on Amaryta Sen’s notion of ‘development as freedom’13, and Manual Castells’ analysis of human development in the ‘information age’14, which position human development in relation to technological change, skills and knowledge, through a systemic actor-network analysis. On the basis of this conception of development, and its links to science and innovation, we examined the evidence and analysis of the relationship between big science and human development, and we put forward an abstracted model of the main causal pathways between them.

			To explore the relationship between big science and human development in South Africa, our empirical focus shifts to South Africa’s flagship science project, the SKA. We examined the (potential) human development implications of the SKA at the global, national and local levels. We explored the manner in which the human development implications of the SKA align with generalised conceptions of the big science–human development relationship, and the manner in which contextual factors determine a unique relationship at the local level. Through doing so, we aimed to extend the analysis of the role of big science in human development to include greater reflection about local impact, particularly for marginalised communities and developing countries.
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			Science, technology and human development

			The theoretical debate over the nature of development is broad, and contains many strands which address different purposes and concepts.15 In contrast to the study of economic development, which is focused on the dynamics of economic activity, the study of human development has a broader focus on the question of human well-being. This scope approximately aligns with the United Nations Sustainable Development Goals, and their aim of increasing prosperity and harmony in a sustainable world.

			A suitable starting point for conceptualising human development is the consensus emerging from the ‘intellectual coup’ initiated by Sen16, which re-framed the notion of human development as a question of access and capabilities, rather than economic resources. Sen16 thus placed people at the centre of the development discourse. This conception of human development focuses on the cultivation of agency and capability, access to opportunity, and the freedom to work towards self-realisation in accordance with one’s own beliefs and values. Development thus requires increasing levels of freedom, whether negative freedoms (freedoms from hunger, disease, poverty) or positive freedoms (freedom of self-expression, freedom of self-realisation). Sen17 argues that freedom and capability are inextricably linked: freedom without the capability of its own realisation cannot contribute towards development. For example, famines may occur, not from lack of food, but because of a lack of resources to buy food. The freedom to achieve food security is meaningless without the capability to achieve it in practice. Sen’s focus on capabilities and the development of human agency suggests that human development as an outcome of science and technology interventions should ideally be achieved through processes that include capability-building, social engagement and public participation.

			For Castells, human development, also conceived as the freedom to exercise human capabilities, is tied to the production of resources and modes of social organisation that are increasingly dominated by technological drivers.18,19 Castells conceives of these broad socio-economic dynamics as a shift into the ‘global information age’. This age is defined as ‘a historical period characterised by the technological revolution in information and communication, the rise of networking forms of social organisation, and the global interdependence of economies and societies’20. Castells views the organisation of infrastructures and activities for the creation, processing and transmission of information to be the main driver of wealth creation, a process termed ‘informational development’.19,20 The notion of informational development suggests that assessments of the relation between science, technology and human development include a focus on access to the Internet, to information and communication technology (ICT) more broadly, and to opportunities for technological upgrading, and their impacts on human development.

			Castells’ conception of the relationship between science and technology on the one hand, and human development on the other, is aligned with an innovation systems theory of wealth generation, in which value is created by ‘transforming information into knowledge, and then applying knowledge to all the tasks to be executed on the basis of the technological and human capability embedded in the system’20. Innovation is commonly defined as the development of new products, processes or organisational structures.21 Some strands of the innovation literature consider technology diffusion into households and the informal sector.22 Innovation has a broad scope: a new product or process can be entirely novel, ‘new to the world’, or it can be ‘new to the country’, ‘new to the sector’, or ‘new to the firm’.21,23,24 The most common scale of analysis is at the national level, hence the term ‘national systems of innovation’ (NSI), defined as ‘the network of institutions in the public and private sectors whose activities and interactions initiate, import, modify and diffuse new technologies’22. The NSI approach25,26 remains widely used in the innovation studies literature27, and has become the standard theoretical framework for guiding national and international science and technology policy27,28.

			Skills are fundamental enablers of innovation activity.28 Without the requisite skills, new basic science cannot be performed, and new technologies cannot be developed, adapted or disseminated. The innovation studies literature suggests a strong causal interaction between the supply of higher levels of education, training and skills and increased demand for and supply of technical and organisational innovation.29,30 Innovation and skills development are thus intertwined in an unfolding process that has been described as ‘co-evolution’.31,32 Co-evolution mechanisms include firm-level learning, technology and skills transfers through multinational corporations, local spillovers from innovation activities within firms, firm-level responses to the availability of local skills in terms of innovation activity, and university-firm interactions.33,34

			Innovation systems analysis is largely concerned with understanding informational development as an input towards human development, rather than about human development per se. However, some strands of research within the discipline take the assessment of this relationship a step further. In his analysis of the linkages between techno-economic development and human development, Castells observed that despite the advancement of technologies, in particular ICTs, the majority of the global population remain in economically fragile and technologically excluded positions.35 This concern also drove increased interest in ‘innovation in inclusive development’.21,27 This intersection between innovation systems analysis and development studies raises questions about the manner in which big science projects have, or have not, been inclusive and helped to drive social development. Key areas of investigation are the inclusiveness of the innovation process, the nature of participation among marginalised communities, and innovation in low-income and informal settings.36
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			Big science and human development

			Given the significance of big science as a driver of technological change and knowledge generation, and the importance of human development as normative and policy goal, previous reviews of the intersection of these two domains have found a ‘surprising lack of evidence on the nature and extent of the impacts of large-scale research facilities on the economy and society and on the mechanisms that generate such effects’37. Moreover, there is a lack of consensus in the literature over the reliability and generalisability of evidence about big science and innovation. The extant evidence does not encompass the full range of big science, as ‘the evidence is skewed and cannot be extrapolated to the entire architectural and disciplinary diversity’ of big science.37 Although many researchers have made extensive claims about the effects of big science on innovation and economic growth, one review found ‘insufficient evidence to support the claim that [big science facilities] attract and retain talent and promote innovation’, although ‘more evidence exists that large infrastructures forge new networks and communities’37. However, the authors identified a lack of evidence, rather than a lack of impact – pointing towards the need for more research in this area in order to build an empirical base and move towards conceptual consensus.

			These limitations notwithstanding, the logic underpinning analyses of the human development impact of big science is essentially ‘universalist’, supported by claims that the advances made by big science underpin most contemporary technological advancements, and through this advancement make an almost incalculable contribution to human development globally.37 The rationale for public support for big science appeals to this universalist logic – according to which even the large financial costs incurred by basic science are outweighed by the (often unforeseen) benefits to humanity. At the same time, however, critiques of big science facilities have long questioned their return on investment, their proximity to military and industrial powers, and their opportunity cost in relation to scientific enterprises that have more direct benefits for human well-being.4 The overall assessment of the contribution of big science to human development extends far beyond the scope of this paper. It may indeed be impossible to develop any meaningful quantitative assessment of the human development contribution of big science. However, the literature does establish a number of ‘development logics’ – notional processes through which big science facilitates or constrains human development – and these form the basis for our conceptualisation of a generic model of this relationship.

			Figure 1 illustrates this model, showing the main causal pathways between big science and human development. We distinguish between the global and local scales, which are characterised by their inverse degrees of abstraction and specificity. The human development logic of big science is at its most abstract in the analysis of its global impact, whereas analyses of local human development impacts are largely determined by the specific social and economic context.
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			Figure 1: 	Big science and human development relationship in abstract.

			Firstly, as a backdrop to all human development considerations, the benefits of big science facilities need to be weighed against their financial costs, and the associated opportunity costs of dedicating resources to big science rather than more direct human-development-oriented interventions: ‘Opportunity costs are at the heart of [the] issue’37. Trade-offs are made more difficult by the fact that the social benefits of scientific research are uncertain and take long to materialise.38

			The logic of financial and policy trade-offs requires a clear conception of the benefits that will accrue with science expenditure. Such benefits are diverse, and of manifestly different types. Firstly, new knowledge contributes towards human development. New fundamental knowledge about reality has a normative value (understanding reality is a good in and of itself) and a positive value, as a more complete comprehension of the workings of the universe is a priori likely to have practical benefits too. Weighing up the nature of such benefits is difficult, as the normative value of new knowledge may vary across cultures, and the developmental impact of new fundamental knowledge is unpredictable and widely distributed across many economic and social formations.

			Evidence and analysis are therefore largely focused on more material benefits. Some science facilities have an explicit social mission – for example biobanks or national reference laboratories, which are established to benefit public health, supported by scientific research. For such facilities, the social benefits are demonstrable, as they are tied to mission outcomes. However, most big science facilities exist for scientific purposes only, for example radio telescopes or particle accelerators: ‘the challenge is to identify the societal footprint of facilities with a primary scientific mission’37.

			For such science facilities, innovation appears to be the primary mechanism through which human development outcomes are realised. Institutional assessments of big science projects, for example of CERN39 and the European Extremely Large Telescope40, and reviews by multilateral organisations such as the OECD41, use an innovation systems framework, reflecting a primary interest in innovation, learning and economic impact, and focusing on technological and economic development as an output of interactions between actors in the system, and between systemic functions. Such institutional assessments have identified the main impacts of big science to be its influence on adjacent fields of science and technology, innovation incentives for industrial suppliers through procurement activity, and impact through community engagement and technology transfer.42 A review undertaken by the OECD found that big science projects boost innovation and push knowledge-intensive work to world-class quality.41 More specific applications of innovation theory include studies of how big science centres operate as learning environments for industrial supplier firms42, as well as the broader mutual benefit of joint innovation processes between industry and big science43. A relatively extensive literature argues that social capital is the most significant factor in spillovers from big science into the private sector.40,43

			Overall, taking into account the empirical limitations, our review identified a generalised pattern to the innovation benefits of big science: large research infrastructures attract the world’s best researchers, on the basis of which the facility becomes a cluster or hub of knowledge in which there is heightened interaction between the scientific and the technological functions of the facility.37 The interactions between big science centres, universities, industry and research institutes can be described as a virtuous circle, in which capabilities are strengthened through interaction, mutual learning and network building. As a consequence, there is consensus in the literature that big science provides a positive return on investment, and is of substantial net benefit to society37,44, even taking into account the large financial and opportunity costs.

			The technologies developed for big science facilities are diffused into other sectors of society, creating economic benefits for innovators and social benefits for society.45 Related to these benefits is the potential of commercial spin-offs based on new technologies and capabilities developed for science projects.46 Research-based spin-offs are small, new technology-based firms whose intellectual capital originated in universities or other public research organisations. Innovation spillovers occur when an organisation stimulates external technological improvements through internal innovation. Such external benefits often outweigh the initial investment in big science, although such benefits are not immediate.47 The benefits of spin-offs are partly conjectural at the beginning of a big science project, but may emerge as their main contribution to society by maturity of the project.

			Big science facilities, along their path of pursuing new fundamental knowledge, have pushed the boundaries of technology, and through this enabled the establishment of technological platforms such as the Internet, Wi-Fi, the transistor, nuclear energy, GPS, touch screens, genetic medicine, and so on. Such advances have historically been generally serendipitous, for example, the development of the touch screen and the World Wide Web at CERN41, and the origins of the Internet within the USA’s National Physics Laboratory and associated supercomputer systems48. The net contribution of such technological platforms to human progress is indeed incalculable, and can perhaps best be understood as diffuse global drivers of technological change, and all the attendant impacts on development.

			Studies that focus on the social and cultural effects of big science are far less numerous than those using an innovation lens. Previous reviews have pointed out a general paucity of studies looking at the social impact of big science.5 Extant research is often indirect and more diverse in its theoretical perspectives; for example, the sociology of knowledge creation in big-science contexts49, using social constructivism theory to examine impacts of large-scale research facilities50, and using grounded theory together with theoretical constructs from social network, social capital, and inter-organisational learning theories42. A broad overview of the social impacts of big science, in which seven case studies of large-scale science facilities were explored, showed that ‘the least understood, yet potentially the most significant aspect of big science facilities operates through their broader contributions to society and culture’5.

			Whereas global and national scales allow for an abstraction of the relationship between big science and human development, at the local scale the relationship is more context specific, may include both significant positive and negative impacts, and may fall outside the techno-economic scope that forms the focus of assessments at national and global levels. The few studies that focus on local impact are located in developed countries, and also focus on the innovation and economic mediating processes, rather than human development as an ends. For example, a study of the impact of the Fermilab on the city of Chicago and the State of Illinois51 found that direct expenditure boosted the local economy by USD288 million, and created 4500 jobs which led to net earnings to households and businesses in the region of USD643 million. The human development impact, for example as related to the Sustainable Development Goals, was not assessed. However, further research into the human development impact of the new employment and income would conceivably reveal significant benefits.

			Not all big science projects experience harmonious relationships with their host publics. To use an example in the astronomy domain, the Thirty Metre Telescope in Hawaii, while under construction and on course to become a flagship international instrument, had its construction permit revoked on the grounds that public consultation processes had not been followed.52,53 Mauna Kea is the most sacred mountain in Hawaiian culture, and one of the key objections was that the instrument would be built on a sacred ancestral burial ground. In this case, negative local impacts led to a breakdown in legitimacy that presented a material risk to the project. Importantly, the local developmental cost was unrelated to scientific, innovation or economic outcomes. Instead the objection related to local participation, agency and culture – issues that are aligned with Castells’ notion of agency and participation being central to the relationship between science, technology and human development.
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			The Square Kilometre Array and human development

			The SKA, currently under construction, will become the world’s largest telescope. In South Africa and its eight African partner countries, the high- and mid-frequency radio receiver array will include approximately 2000 15-metre-wide receiver dishes, all linked via fibre-optic cable and supercomputers. In Australia, the low frequency array will consist of tens of thousands of small antennae dipoles. The SKA’s primary science questions are related to the origins of the universe, the formation of the first stars and galaxies, the nature of dark matter and dark energy, theories of gravity and relativity, and the search for extra-terrestrial life.

			The project has a global set of stakeholders, funders and employees, and a globalised innovation network.54 The SKA has distinct implications for the two main host countries, South Africa and Australia, African partner host countries (Botswana, Ghana, Kenya, Madagascar, Mauritius, Mozambique, Namibia and Zambia), the headquarter country (the UK), and the eight other countries in the global SKA consortium (Canada, China, India, Italy, New Zealand, Sweden, the Netherlands and the UK). Conceptualisation of the SKA’s relation to human development therefore needs to span the global and the local, the immediate and the long term. Within the South African context, the Karoo region – including the towns of Carnarvon, Williston, Loxton and Brandvlei, as well as surrounding farming communities – forms an important localised setting for assessing the impact of the SKA. The impact in urban centres such as Cape Town and Gauteng is also significant because of the location of the SKA’s central and regional offices. The impact on universities, other astronomy facilities, and South Africa’s broader high-skills economy, are all potential areas for investigation.

			The SKA provides a promising case study for assessing the big science–human development relationship, and in particular may add to the literature addressing this question in Africa and in developing countries. To guide this assessment, we examined the SKA in terms of its adherence to the postulated generic model of big science and human development, and examined the local context to explore how this relationship has been manifested in South Africa’s Karoo region. Within this framework, key analytical questions that emerged from our conceptualisation of human development and innovation included those related to access to ICT, opportunities for technological upgrading, the inclusiveness of the innovation process, the nature of participation among marginalised communities, and evidence of movement towards human development goals such as increased health, literacy and employment.

			The core knowledge and financial parameters of the SKA at the global level align with the generalised model of big science and human development. The cost of the international project55 is estimated at EUR1.8 billion, representing a significant opportunity cost, and a requirement for funders to provide substantiation to their stakeholders and constituencies. The expenditure will be distributed globally across the two infrastructure sites in Australia and South Africa, in South Africa’s eight African partner countries, the headquarters in the United Kingdom, and throughout the SKA’s global supply chain and innovation network.54 The South African government is contributing significantly to the financing of the telescope: ZAR2.3 billion has been set aside for the 2018 Medium Term Expenditure Framework, which covers a 3-year period.56

			The generation of new fundamental knowledge by the SKA, like other big science projects, has the potential to revolutionise our conception of the universe and our place therein. Progress in even one of its six main science objectives would enormously advance our understanding of physics and cosmology. Technological breakthroughs could also have enormous global benefits. It is conceivable that advances in the areas of big data, supercomputing, and algorithm development may generate new technological platforms with a global impact and widespread implications for human development. However, it is difficult, if not impossible, to foresee what such implications might be.

			At the national level, the impact of the SKA on technological capabilities and the NSI may prove to be its greatest, albeit indirect, contribution to human development in South Africa. A NSI with enhanced capabilities can compete more effectively in the global knowledge economy, and play a greater role in economic growth and development. Building knowledge transfer capabilities by enhancing coordination, interaction and alignment between skills supply and skills demand is an important contribution of the SKA to the NSI. These contributions include mechanisms such as the Universities Working Group, which informally coordinates skills development activities at South African universities; participation in the National Astrophysics and Space Sciences Programme Steering Committee, which coordinates postgraduate curricula at the universities; and SARChI Chairs in various science and engineering focus areas relevant to the SKA, which bring in international expertise as well as local expertise, and draw on this expertise to develop new knowledge and skills among postgraduate students and postdoctoral positions.54

			Technology diffusion and technological spin-off activity is another manner in which the SKA strengthens the NSI and contributes towards economic growth. Technological capabilities built within the SKA find their way into other sectors, particularly those that utilise big data, advanced ICTs, and engineering – although the nature of such spillovers has not been subject to research. In terms of spin-off activity, the SKA has a dedicated office to support this function, which is seen as important to its public benefit role in the NSI and to strengthening its own financial sustainability. Private-sector spin-off firms cultivate new economic activity by participating in high-tech global value chains.54 However, the nature and extent of these effects have not been comprehensively researched, pointing the way towards a future research agenda in this area.

			Given the significance of the co-evolution of skills and innovation capabilities, a central aspect of the SKA’s contribution in South Africa has been its Human Capital Development Programme (HCDP), which aims to develop the capabilities of engineers, scientists, technicians and artisans to build, operate and use the SKA. At the inception of the HCDP in 2005, South Africa was home to only a handful of radio astronomers, and had limited technical capabilities – while competing against an internationally competitive and much larger Australian radio astronomy sector. Today, the sector has grown by orders of magnitude: as of 2017, the HCDP had awarded 943 grants to support postdoctoral fellows, postgraduate and undergraduate students, and students training to be artisans, and had also funded five dedicated university-based Research Chairs. The HCDP is funded by the Department of Science and Technology, and from 2005 to 2017 had cost a total of ZAR446 million. (Data provided by the SKA.)

			Overall, therefore, the evidence suggests that, at the national level, the generalised model of the human development benefits of big science largely applies to the SKA too. However, at the local level, contextual factors become more significant, and the balance between benefits and costs is shifted. The areas surrounding the SKA’s core site in the Karoo are where the project has its greatest direct exposure to local communities. The SKA has rendered substantial economic benefits to local communities. As of 2016, the organisation’s activities in the Northern Cape Province have included ZAR136 million spent through local suppliers, and the creation of 7284 employment opportunities.57 In addition, indirect economic benefits include a growing market for accommodation and tourism.58 The local hospitality industry has benefitted, as visitors to the SKA must largely stay off-site, and find accommodation in surrounding towns – although these effects have yet to be measured.

			In addition to the SKA’s economic impact, the HCDP intersects with local communities through its schools programme. As of 2016, SKA had provided training to 351 people from Northern Cape communities, rolled out a support programme for eight local schools, involving more than 4000 learners, and funded 9 local students to attend university and 72 students to attend vocational colleges. Carnarvon High School has benefitted from a new computer lab, high-bandwidth Internet connection, bursaries, and direct engagements with the SKA. The SKA has also routed some resources towards direct human development interventions, on the basis of engagement with local community stakeholders. For example, the SKA has sponsored the Carnarvon Library, and is providing small-scale funding to a non-profit organisation that undertakes skills training, foetal alcohol syndrome awareness and intervention programmes, arts and crafts at the local high school, and a reading programme at the primary school.

			However, there are also a range of economic costs to local communities that have resulted from the SKA. The purchase of farming land to host the telescope has removed the associated economic activity from local supply chains, negatively impacting on both upstream and downstream sectors. Examples include reduced demand for agricultural supplies bought from local firms, and reduced demand for services of the Carnarvon abattoir. The Strategic Environmental Assessment of the Council for Scientific and Industrial Research59 developed an economic model that predicted a loss in annual agricultural production of ZAR16 million, a loss in throughput at abattoirs equivalent to 8.24% of annual slaughter volumes, a drop in sales and business volumes amongst local business and entrepreneurs equivalent to ZAR9.09 million, and a loss in production value on neighbouring farms adjacent to the SKA core because of increased predator activity. Cumulatively, these effects would lead to an estimated economic loss of ZAR31 million annually, and a cumulative loss of 1565 jobs.

			While the SKA has clearly contributed to South Africa’s NSI, there is currently little evidence to suggest that local innovation systems in the Karoo have been strengthened. This question is a subject of current research being conducted by the Human Sciences Research Council for the National Research Foundation. The SKA core site, for technical reasons, remains closed to the public, and the advanced technologies deployed at the site have little or no impact in surrounding communities. Attempts to directly link to local systems of innovation may in any case be ineffective, given the large gap between the SKA’s advanced technologies and local capacities to absorb new technologies. Moreover, the radio telescope has significantly constrained Internet access around its core site in the Karoo, negatively impacting on ICT access for some farmers and surrounding communities.

			Castells’ agent-centric notion of human development argues that social engagement and public participation should be central to science that seeks to contribute towards human development. This argument raises the question of the extent and efficacy of the SKA’s engagement with local communities. The evidence here is mixed, revealing a wide range of engagement activities, as well as ongoing local dissatisfaction with engagement mechanisms. Local civic resistance to the SKA has catalysed around claims of insufficiently mitigated economic losses to special interest groups, and claims of inadequate local agency in the telescope’s activities in the Karoo.60 An open forum for community engagement was in 2016 shut down as a result of local opposition to the SKA61, and the SKA’s primary local engagement platform has since then been through local municipalities. The socio-political dynamics of the interactions between civil society formations and the SKA is an area of ongoing research, including assessments of social media as a platform for resistance.62

			At the local level, therefore, the relationship between big science (manifested in the SKA) and human development does not adhere to the same developmental logic that applies to the global level. There are immediate economic benefits and economic costs, and the causal path from big science to human development is more direct, rather than being mediated through complex innovation and economic systems. The new fundamental knowledge that may emerge from the telescope is of little current value to the local population, and local innovation systems have been minimally affected by the telescope. Instead, the main human development outcomes have been related to dedicated development initiatives, such as education interventions and social development interventions. The effects on the most pressing human development needs – poverty, unemployment, alcoholism, foetal alcohol syndrome, and other social problems – appears to be small, although it has yet to be measured; no impact assessments of the SKA’s education and social interventions have yet been published.
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			Reflections on big science and the developmental context

			The scale of big science opens up questions of scale for social scientists too: we need to define and disentangle the effects that big science has on the world, on nations, and on regions surrounding science infrastructure. It would be an error to see the effects at these different scales as being directly comparable – they differ enormously in terms of their economic scale and scope, time frames, predictability, measurability, causal mechanisms and policy context. The potential effects on humanity of new fundamental insights into the nature of reality, or the emergence of a new disruptive technological platform, cannot be meaningfully compared, in any direct sense, to the immediate impact of social development interventions surrounding a scientific facility. Nonetheless, the rationale for undertaking big science, and funding big science, must in some way take all these diverse effects into account, and proceed on the basis of a clear conceptualisation of human development impact that provides a balanced development proposition at all levels.

			At the global and national levels, a broadly conceived consensus appears to exist (empirical limitations notwithstanding) with respect to the development logic underpinning claims about big science’s contribution to global and national human development, firstly by placing value on the development of new fundamental knowledge in and of itself, and secondly through innovation as a mediating process that translates big science activities into economic and social benefits. However, this logic is less clearly defined at the local scale, where the economic and social benefits and costs are not mediated through complex global innovation and production systems, but rather result as a direct effect of a facility’s social mission, or through employment, infrastructure, supply chains, local innovation systems and direct development interventions. At the local level, participation and agency become critical factors in terms of achieving a developmental process that aligns with conceptions of agency-based human development, as well as establishing social legitimacy and a ‘licence to operate’.

			In the case of the SKA, arguments for the extensive global and national benefits of the project are not relevant to local stakeholders, who are affected by immediate and local consequences. Extant evidence suggests that the local economic impact has, on balance, been positive, although special interest groups, such as the agricultural sector, may experience negative consequences. Capabilities have certainly been built, particularly through the SKA’s schools programme. However, many of the innovation benefits of the SKA, including knowledge spillovers, economic spin-offs and capability development, occur in urban centres but not in the Karoo, showing that the postulated strengthening of innovation systems through big science may exclude marginalised groups and by-pass local systems of innovation. Local resistance in some instances frames local communities as lacking agency with respect to decisions about SKA, and as paying the true cost for the instrument.

			These disjunctures suggest several imperatives for big science infrastructures, particularly those being built in developing countries and marginalised regions. Firstly, there is a need to balance global, national and local human development processes, priorities and outcomes. There is a need to put forward a development proposition that provides clear human development benefits at all levels. There is a need to include local stakeholders in decision-making processes. And there is a need to present a clear argument that global and national benefits, as enormous as they may be, are not being prioritised over local costs.
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