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Simple Summary:

The digital revolution opens possibilities to use multiple sensors, a data infrastructure and data analytics to monitor animals or their environment 24/7. Precision Livestock Farming (PLF) offers significant opportunities for a holistic, evidence-based approach to the monitoring and surveillance of farmed animal welfare. To date, the emphasis of PLF has been on animal health and productivity. If PLF develops further along these lines, there is a risk that animal health and productivity define welfare. A combined multi-actor approach that brings together industry, scientists, food chain actors, policy-makers and NGOs is needed to develop and use the promise of PLF for the creative and effective improvement of farmed animal welfare, not only taking into account their physical welfare but also their mental one.

Introduction

Modern livestock farming has long been predicated upon ever-increasing levels of mechanisation. As herd and flock sizes increase and production methods intensify and specialize, so the technologies of automated identification, feeding, cleaning and slaughter have greatly multiplied allowing economies of scale to retain or expand food chain profitability. From automatic milking systems, commonplace on dairy farms across the higher income countries, to automated water-bath stunning and neck-cutting systems in poultry slaughterhouses, automation-which we might simply define as processes that can take place rapidly and repetitively with minimal direct human action-is both a consequence, and a driving force, in contemporary livestock agriculture.

By definition, automation represents a reduction in the direct intervention of humans (farmers and stock-persons) in the daily lives of farmed animals. For many commentators automation is widely welcomed as liberating the farmer and stock-person from at least some of the repetitive, and often hard, labour of husbandry [START_REF] Puckett | Mechanization of Livestock Production in the United States[END_REF][START_REF] Lunner-Kolstrup | Farm operators' experiences of advanced technology and automation in Swedish agriculture: A pilot study[END_REF], thereby allowing gains in farmer well-being and reduced labour costs. However, as far back as in the early 1960s, the author and early critic of 'factory farming', Harrison identified automation as a problem of 'unity', arguing that: 'Mechanical cleaning reduces still further the time the stockman has to spend with them, and the sense of unity with his stock which characterizes the traditional farmer is condemned as being uneconomic and sentimental'. ( [START_REF] Harrison | Animal Machines: The New Factory Farming Industry[END_REF], p. [START_REF] Veissier | Élevage de précision et bien-être en élevage: La révolution numérique de l'agriculture permettra-t-elle de prendre en compte les besoins des animaux et des éleveurs?[END_REF] Recent analysis suggests that the current expansion of farm technologization requires new and often equally demanding data monitoring and management skills [START_REF] Hostiou | Impact of precision livestock farming on work and human-animal interactions on dairy farms. A review[END_REF], and can also bring new forms of farm worker exploitation and marginalisation [START_REF] Rotz | Automated pastures and the digital divide: How agricultural technologies are shaping labour and rural communities[END_REF][START_REF] Vik | The political robot-The structural consequences of automated milking systems (AMS) in Norway[END_REF]. Nevertheless, the general spread of farm automation has been a key feature of contemporary agricultural systems and has had a major impact not only upon farm labour forces but also upon both the animal welfare monitoring roles they undertake and the impact of those roles upon the animals themselves.

Automation also impacts upon the nature and perception of farmed animal welfare. One might argue that automation helped indirectly to set the early parameters for defining the welfare of farmed animals. Accepting the essentially artificial (and ever more automated) nature of farming systems that emerged in the 1970s, welfare was initially defined normatively as the ability of animals to cope with these intensive environments [START_REF] Broom | Indicators of poor welfare[END_REF]. For producers, a healthy animal has been essentially a productive one [START_REF] Fraser | Understanding Animal Welfare: The Science in its Cultural Context[END_REF], with health-and indirectly, welfare-being measured according to standardised, and increasingly automated, performance indicators.

Nevertheless, automation, in reducing the levels of observation and frequency of contact between farmer and farmed animal, has been charged with potentially making that relationship, in Cornou's words, 'distant and impoverished' [START_REF] Cornou | Automation Systems for Farm Animals: Potential Impacts on the Human-Animal Relationship and on Animal Welfare[END_REF], leading, on the one hand, to unrecognised or unacknowledged welfare issues [START_REF] Rushen | Domestic animals: Fear of humans and its effect on their welfare[END_REF][START_REF] Zulkifli | Review of human-animal interactions and their impact on animal productivity and welfare[END_REF] and, on the other, to a persistent oversimplification of welfare understanding [START_REF] Fraser | Understanding Animal Welfare: The Science in its Cultural Context[END_REF]. As definitions and approaches to farmed animal welfare grow in both measurement and sophistication, the time farmers and stock-persons actually spend in observing the animals in their charge is held to constitute an important factor in defining and determining their welfare [START_REF] Waiblinger | Assessing the human-animal relationship in farmed species: A critical review[END_REF]. Hence, in 2006, the UK Farm Animal Welfare Council identified the 'stockman' as having: 'a unique role within livestock farming in ensuring high standards of animal welfare', further arguing, in an echo of Ruth Harrison, that; 'the attributes of a good stockman include an affinity and empathy with livestock, patience, and keen observational skills amongst others' [START_REF]FAWC Report on Stockmanship and Farm[END_REF]. Similarly, current European Union and national welfare rules charge farmers and stock-persons with the responsibility to inspect animals at regular intervals (usually, at least once a day) to verify their wellbeing [START_REF]Council Directive 98/58/EC of 20 July 1998 concerning the protection of animals kept for farming purposes[END_REF], see also, for example, UK Government 2000; EU Council Directive 2008/119/EC [START_REF]Council Directive 2008/119/EC of 18 December 2008 laying down minimum standards for the protection of calves[END_REF]. Good welfare, it would seem, is in large part, dependent upon good observation.

In this paper, we argue that the current relationship between 'good observation' and 'good welfare' is no longer sufficient or appropriate. We note that despite an expanding raft of international and national animal welfare regulations, codes and practices, growing public awareness and an emerging sense of the marketable value of higher welfare products, there remain today considerable and persistent welfare concerns across all the major livestock production systems, ranging from the consistently high prevalence of lameness in dairy cattle and few possibilities for animals of all types to express natural behaviours in indoor systems. We ask, can Precision Livestock Farming (PLF) technologies address this observational hiatus?

Recent years have seen a series of major leaps forward in the technologies and methods of automated animal observation and monitoring, notably under the generic terminology of PLF whose general aim is to increase the efficiency of livestock farming systems and, in doing so, to take into account differences between individual animals or groups [START_REF] Guarino | Precision Livestock Farming '15[END_REF]. We argue that PLF technologies have a significant potential to support the management of animal welfare through radically new forms and mechanisms of observation. To date, however, that potential is both underdeveloped and under-studied. PLF technologies have the potential to monitor animal health and behaviour in ways that go beyond those of conventional welfare monitoring and observation. Moreover, they offer the opportunity to observe animal behaviour without interference.

In these ways, PLF technologies can help farmers detect problems and take management decisions to improve animal welfare at an early stage. The data derived from PLF technologies can be used to derive warnings and trigger notifications and alarms. Data can also be combined to create complex yet relevant welfare indicators that could be transmitted between food chain actors and developed into quality control procedures. Finally, PLF technologies offer the possibility of more holistic, continuous (whole-life) and standardised (comparable) welfare assessment for farmed animals across the full production chain. With this, of course, comes a certain number of concerns, not the least of them folding back to the role and expertise of the farmer/stock-person, now potentially an observer less of animals than of data, or to the established forms of agricultural advisory and decision-making structures that guide on-farm practice. As an increasing number of observers are pointing out, the growth of PLF technologies on farms raises new challenges for data management, distribution and ownership as well as recasting the role of the farmer or stock-person both with respect to the animals under their charge and to the valuable and sensitive data that increasingly represent them [START_REF] Ingram | What Are the Implications of Digitalisation for Agricultural Knowledge? Front[END_REF][START_REF] Rotz | The Politics of Digital Agricultural Technologies: A Preliminary Review[END_REF][START_REF] Klerkx | A review of social science on digital agriculture, smart farming and agriculture 4.0: New contributions and a future research agenda[END_REF].

In this paper, we examine how PLF technologies and broader developments in information and communication technologies might improve the observation, monitoring and assessment of farmed animal welfare, particularly in those areas and systems where generic welfare problems persist. We consider how PLF might enhance our understanding of welfare, and the means to assess it.

The Promise of PLF

The International Society for Precision Agriculture, established in the early 1990s to promote this area, produced an updated definition for Precision Agriculture: 'Precision Agriculture is a management strategy that gathers, processes and analyzes temporal, spatial and individual data and combines it with other information to support management decisions according to estimated variability for improved resource use efficiency, productivity, quality, profitability and sustainability of agricultural production'. [20] Although 'Precision Agriculture' initially emerged within the arable and crop sector [START_REF] Mulla | Historical evolution and recent advances in precision farming[END_REF], the technologies of real-time monitoring, data management and decision support are increasingly being applied to modern livestock systems. Wathes describes it as follows:

'Precision livestock farming, PLF, is an embryonic technology that applies the principles of process engineering to livestock farming. PLF requires a sensing system for inputs and outputs; a mathematical model of input/output relationships; a target and trajectory for controlled processes; and a model-based controller with actuators for process inputs. PLF has great potential to transform livestock production by efficient utilisation of nutrients, early warning of ill health, and reduction in pollutant emissions'. [START_REF] Wathes | Precision Livestock Farming for Animal Health, Welfare and Production[END_REF] However, PLF needs to be seen as more than simply better and more technologically advanced parameter monitoring and resource planning. For in its approach both to data and to the animal, PLF offers the potential for a more radical, almost ontological, reassessment of what welfare is and how it might be assessed. First, PLF, through the technologies of observation and monitoring, brings individual animals to the fore: 'A starting point in PLF is the recognition that each individual animal is [ . . . ] a CIT [complex, individual, time-variant] system. This contrasts with more classical approaches where animals are considered as 'an average of a population and due to its complexity as a steady state system'. [START_REF] Berckmans | Automatic On-line Monitoring of Animal Health and Welfare by Precision Livestock Farming[END_REF] Second, PLF allows for the establishment of welfare indicators and triggers that are not dependent solely upon periodic human observation and measurement [START_REF] Berckmans | Precision livestock farming technologies for welfare management in intensive livestock systems[END_REF].

Over the last 10 years, PLF techniques have been adopted across a range of different livestock systems, specially the dairy sector [START_REF] Lokhorst | An Introduction to Smart Dairy Farming[END_REF][START_REF] Caja | Engineering to support wellbeing of dairy animals[END_REF]. The continually expanding demand for animal products, consumer (and retail) demand for more welfare friendly production, economic pressures and, at the same time, the need to reduce environmental impacts, all combine to require livestock farming to become ever-more efficient, leading to larger farms, labour reduction and increased mechanisation. PLF is seen as a major contributor to contemporary and efficient animal production; for example, by detecting oestrus prior to insemination, by adapting feeding to individual rates of animal weight gain and through the early detection of disease. Greater 'efficiency', whether in animal production, in resource and labour use, in feed and medication usage, in animal reproduction and so on, is the watchword of PLF. Some 35 of the 121 papers given at the EC-PLF Conference in 2019 explicitly addressed efficiency gains of PLF technologies [START_REF] O'brien | Precision Livestock Farming '19[END_REF]. Although still in relatively early stages of development, recent evidence shows that farmers and food chain actors are acquiring PLF technologies for a variety of reasons including the facilitation of their management roles and the improvement of their own well-being through reducing the workload especially for large herds and limiting repetitive tasks [START_REF] Hostiou | Precision livestock farming: Which consequences for farmers' work?[END_REF][START_REF] Carolan | Automated agrifood futures: Robotics, labor and the distributive politics of digital agriculture[END_REF].

In practical terms, PLF technologies generally involve the fixing of sensors, or other forms of observational/monitoring technology, to individual animals and/or their environment, which continuously monitor a series of different parameters. Algorithms are then deployed to generate indicators and detect anomalies in these time-series data. A growing number of PLF technologies are now available on the market. These include: The adoption of these technologies varies considerably. RFID and accelerometer technologies are well integrated, but other technologies still have to achieve a viable market share. As we have said above, most of the PLF technologies currently in commercial use are aimed principally at improving productive efficiency either through the close monitoring of such parameters as feed and oestrus or through the surveillance of (individual) animal health data. Indeed, we would argue that the primacy (and growing abundance) of productivity and health data through PLF technologies has to some extent distracted attention from both the continuing need for, and the possibilities of, data and PLF generated indicators of animal welfare. Moreover, where they have been applied, such technologies have tended to focus primarily on conventional production systems, with less attention given to systems that place a higher premium of animal welfare [START_REF] Rios | How Are Information Technologies Addressing Broiler Welfare? A Systematic Review Based on the Welfare Quality ® Assessment[END_REF]. Hence, although commentators such as Berckmans [START_REF] Berckmans | Precision livestock farming technologies for welfare management in intensive livestock systems[END_REF] and Blokhuis [START_REF] Blokhuis | Safeguarding farm animal welfare[END_REF]), strongly advocate the use of PLF to monitor animal behaviour, and thereby to address welfare issues in broilers and in pigs, both acknowledge that considerable challenges and trade-offs remain.

The Potential of PLF to Monitor Animal Welfare

With growing societal awareness and concern for the welfare of farmed animals, as evidenced in countless reports and publications as well as a growing raft of legislation and welfare certification, PLF technologies face a particular quandary. Inevitably and inescapably associated with the increasing automation, technologisation and industrialisation of livestock farming (though perhaps ironically, offering enhanced possibilities to closely monitor the states of individual animals), PLF needs to demonstrate its relevance and contribution to improving the welfare of farmed animals. As we have said elsewhere, PLF technologies are likely to come under significant pressure, both from food chain actors and consumers, to provide valid welfare gains [START_REF] Blokhuis | Animal Welfare information in a changing world[END_REF][START_REF] Veissier | Élevage de précision et bien-être en élevage: La révolution numérique de l'agriculture permettra-t-elle de prendre en compte les besoins des animaux et des éleveurs?[END_REF]. Some PLF companies certainly have begun to explicitly address welfare issues through their particular technologies (such as the specifically welfare oriented Time'Live tool). The Chickenboy, for example, has described its technology as an 'autonomous, smart broiler robot that monitors air quality, health and welfare and equipment operation' while eYeNamic offers 'valuable indicators of broiler welfare'. The challenge is that welfare is now recognized as a complex physiological and psychological state, comprised of multiple dimensions. To date, PLF technologies have focused primarily upon the physical components of health and welfare (growth, feeding, and health). The challenge for PLF, from an animal welfare perspective, is to combine and assemble data of potentially widely differing types and varied sources into meaningful indicators that include the other aspects of welfare, such as mental state, naturalness and resilience.

It is axiomatic that European livestock farming still faces a number of major and persistent and system-wide animal welfare problems [START_REF]Pork Production-Strategic Approach Documents[END_REF][START_REF]Broiler Chicken Production-Strategic Approach Documents[END_REF][START_REF]Beef & Dairy Production-Strategic Approach Documents[END_REF][START_REF]Hazard identification for pigs at slaughter and during on-farm killing[END_REF][START_REF]Hazard identification and ranking for poultry at slaughter[END_REF] such as lameness in dairy cattle, tail biting in pigs, poor locomotion in broilers as well as long-standing generic issues in transport and slaughter. Moreover, the active promotion of positive welfare states and the encouragement of better opportunities for animals to express natural behaviour, the value of which in welfare terms are widely acknowledged by science [START_REF] Boissy | Assessment of positive emotions in animals to improve their welfare[END_REF][START_REF] Lee | Preference of beef cattle for feedlot or pasture environments[END_REF][START_REF] Phillips | A review of the impact of housing on dairy cow behaviour, health and welfare[END_REF] and valued by consumers [START_REF] Miele | The taste of happiness: Free-range chicken[END_REF], remain largely incompatible (or unmeasurable) with many contemporary production systems. If it is to make a substantive contribution to addressing genuine animal welfare concerns, PLF technology must therefore address itself to these two critical areas; the effective monitoring and identification of systemic welfare failures and the active enhancement of opportunities for positive welfare experiences. In this, however, PLF technologies need to go further than the ad hoc or corrective addressing of specific and persistent welfare problems. Ultimately, PLF technologies need to be integrated, from the start, into the design of new farming systems and production technologies [START_REF] Phillips | Configuring the new digital landscape in western Canadian agriculture[END_REF] so that animal welfare becomes an integral component of them.

The Welfare Quality Project identified 12 key criteria that need to be addressed to cover all aspects of animal welfare [START_REF] Christoph | Welfare Quality ® Assessment Protocol for Cattle (Fattening Cattle, Dairy Cows, Veal Calves)[END_REF]. Innovative applications of the various PLF approaches mentioned above, along with others still in development, could, we argue, generate crucial data for the effective monitoring of all of these, as Molina et al. [START_REF] Maroto-Molina | Welfare Quality ® for dairy cows: Towards a sensor-based assessment[END_REF] have recently demonstrated with respect to dairy cows. Current PLF technologies already offer the opportunity to provide robust and continuous information across a range of measures identified by the Welfare Quality research as listed in Table 1. Table 1. Examples of possible PLF approaches to the Welfare Quality criteria of good welfare.

Welfare Outcome PLF Approach

Absence of prolonged hunger Body condition score of cattle assessed by imaging technologies [START_REF] Allain | Use of a 3D imaging device to model the complete shape of dairy cattle and measure new morphological phenotypes[END_REF], time spent waiting in front the feeding table when food is not available Absence of prolonged thirst Time spent at drinkers can be detected using RFID detectors [START_REF] De Mol | Monitoring pig behaviour by RFID registrations[END_REF] or camera tracking [START_REF] Labrecque | Real-time Individual Pig Tracking And behavioural Metrics Collection with Affordable Security Cameras[END_REF] Comfort around resting Time spent in lying areas can be obtained RTLS technologies, the time spent actually lying down can be recorded with accelerometers

Thermal comfort

Sensors to measure heart rate or respiratory rates (which are increased in case of high heat load) already exist at least for large species; the ambient conditions are already monitored (temperature, humidity),

Ease of Movement The use of the different areas can be assessed through RTLS with ultra wide band emitters inside or GPS outside Absence of injuries External injuries can be detected at least at slaughter from image analysis [START_REF] Van Harn | Validation Meyn Footpad Inspection System[END_REF] Absence of disease Continuous monitoring of animals' behaviour can detect changes in time budgets (time spent feeding, ruminating, resting, walking, etc.) and in circadian rhythms of activities and such behavioural changes may reflect sickness [START_REF] Aubert | Sickness and behaviour in animals: A motivational perspective[END_REF][START_REF] Mintline | Play behavior as an indicator of animal welfare: Disbudding in dairy calves[END_REF][START_REF] Mandel | Detection and monitoring of metritis in dairy cows using an automated grooming device[END_REF][START_REF] Veissier | Short communication: Early modification of the circadian organization of cow activity in relation to disease or estrus[END_REF].

Monitoring of coughs can indicate respiratory disease [56]

Absence of pain induced by management procedures

Experience of pain can be detected from facial expressions in sheep [START_REF] Lu | Estimating sheep pain level using facial action unit detection[END_REF] and pigs (ongoing project from Bristol Robotics Laboratory (https://www.bbc.com/news/av/scienceenvironment-49362428/pigs-emotions-could-be-read-bynew-farming-technology))

Expression of social behaviours

The functioning of the social group can be on the basis of the animals' interactions, positions and activity [START_REF] Lee | Automatic recognition of aggressive behavior in pigs using a kinect depth sensor[END_REF][START_REF] Rocha | Persistence of sociality in group dynamics of dairy cattle[END_REF] Expression of other behaviours

The use by farmed animals of specific welfare enhancing resources can be monitored. For example, the use of brushes by cattle can be detected by accelerometers on brushes coupled while the animals proximity to the brush can be detected with an RFID detector or a RTLS [START_REF] Meunier | Image analysis to refine measurements of dairy cow behaviour from a real-time location system[END_REF] the use of outdoor areas by poultry can be monitored using infrared beams that detect when the birds go through the passage to the outdoor area.

The approaches to defined outcomes in Table 1 are predominantly associated with welfare on farm. The monitoring of ambient conditions and the recording of physiological parameters on animals (such as heart and respiratory rates) could help to assure that animals are transported in appropriate conditions. Similarly, at slaughter, PLF technologies that allow for the monitoring and analysis of animal movement to ensure effective welfare at slaughter are currently being investigated [START_REF] Pinillos | We need to make more use of technology in the slaughter industry to improve welfare[END_REF].

For many of these welfare concerns, the PLF observational and monitoring technology is available. However, what is required are appropriate algorithms and data assemblages to enable effective welfare indicators to be developed and to determine mechanisms for intervention when deviations from normal or intended positive states are recorded. Such indicators, we maintain, will require that data from different sensors, are combined with other data sources and interpreted together. Thus, for example an effective indicator of dairy cow welfare would need to bring together individualised data on heart and respiratory rates, (which will vary with days in lactation), milk yield, ambient parameters that assess heat load as well as environmental and behavioural data [START_REF] Pinto | Influence of Barn Climate, Body Postures and Milk Yield on the Respiration Rate of Dairy Cows[END_REF][START_REF] Jones | Fear and other negative emotions[END_REF].

As PLF technologies and tools develop, we estimate that they will have significant potential to increase our capacity to monitor and address animal welfare. They will provide the means to monitor farmed animal health and welfare and detect disorders thereby enabling both rapid and accurate treatment of disease or behavioural disorders and the prevention of their spread to other animals. Moreover, PLF technologies will facilitate the assessment of animal premises and farm environments (including transport and slaughter environments). For both, PLF technologies allow for continuous, rather than 'snap-shot' observation notably across periods and in locations where human observation is either problematic or impossible.

It seems to us essential that technology developers, biologists, ethologists and veterinarians work closely together in developing the opportunities for new observational and monitoring tools that specifically address welfare issues at different points in the livestock production chain, from farm to slaughterhouse. Critically, this will require the design of appropriate algorithms, data trigger points, alerts and warning systems, along with other mechanisms that allow for individual and generic welfare incidents and issues to be identified and subsequently addressed by producers.

Perspectives to Improve Animal Welfare in a Digital World

Livestock farming is currently experiencing something of a numerical revolution with the multiplication of environmental and animal health sensors and their integration into various large data platforms and information systems. To date, the primary objectives of this new observational technology have been animal health and productivity. However, there is also an imperative that these new approaches be employed both in the monitoring and improvement of other aspects of farmed animal welfare and in the repositioning of welfare in the design of new and innovative production systems. Research and innovation is particularly needed in the development of, first, effective data management systems to allow for effective welfare indicators and alerts to be constructed and relayed to farm (or transport and slaughterhouse) personnel and, second, efficient data storage and recording techniques to permit the construction of relevant time-series data that can inform processes of benchmarking, certification and compliance monitoring. Both of these offer the potential to take farm animal welfare monitoring and, ultimately improvement, forward in new, dynamic and innovative ways. As such, animal welfare scientists, ethologists and veterinarians have a critical input to make to these necessary processes. However, both also raise certain challenges in themselves. As Klerkx et al. [START_REF] Klerkx | A review of social science on digital agriculture, smart farming and agriculture 4.0: New contributions and a future research agenda[END_REF] pointed out, relatively little attention has been paid so far within the precision farming literature to the complex societal questions around data use, ownership and circulation and how different food chain actors, from food processors and retailers to veterinarians and farmers, might use such technologies and data to ultimately, in their words, transform agricultural production systems, value chains and food systems.

We recognise that the growth of PLF technology and its specific application to the monitoring and improvement of farmed animal welfare raises a number of broader issues that also need to be addressed. First amongst these are the complex technical and scientific issues around welfare definition, the establishment of effective welfare indicators and the validity of the data collected by the new technologies of observation and surveillance. The production of welfare indicators has been an important area of recent animal welfare science and increasingly indicator protocols are being used by commercial food chain actors both to segment markets and to reassure concerned consumers. While PLF can provide new and complex data on animal health and behaviour, the development of relevant algorithms to combine individual data sets into meaningful indicators remains a significant challenge. How that data, and combinations thereof, are translated into cues for action and intervention, is an associated technical concern that will necessitate not only effective alert systems but also relevant training for farm personnel.

A second issue is the perceived difficulties of applying PLF technologies to extensive livestock systems. To date, PLF technologies have been primarily targeted at intensive, high input, high technology livestock systems, where animals are often housed in relative high densities. While this has undoubtedly been the dominant model of global agricultural development over the last few decades, less intensive and more 'sustainable' forms of livestock farming, and specific support mechanisms for their extension, have also seen a significant rise in recent years, particularly within Europe. However, extensive livestock systems have not seen the rapid adoption of precision farming technologies that has characterized intensive production [START_REF] Roxburgh | The future of food production research in the rangelands: Challenges and prospects for research investment, organisation and human resources[END_REF] for a number of complex structural, environmental and technological reasons [START_REF] Bahlo | The role of interoperable data standards in precision livestock farming in extensive livestock systems: A review[END_REF]. Nevertheless, while, we note a growing research interest in extending PLF to extensively raised animals through such approaches as group or herd monitoring, GPS and RFID technologies [START_REF] Bocquier | Elevage de précision en systèmes d'élevage peu intensifiés[END_REF][START_REF] Lamb | Precision pastures: Opportunities and challenges for spatial information to improve productivity and animal welfare in extensive livestock systems[END_REF][START_REF] Morgan-Davies | Impacts of using a precision livestock system targeted approach in mountain sheep flocks[END_REF], such approaches, like their equivalent in intensive systems, have tended to date to focus predominantly upon productivity and health rather than welfare.

A third issue relates to the nature, deployment and ownership of the data produced by PLF technologies [START_REF] Rotz | The Politics of Digital Agricultural Technologies: A Preliminary Review[END_REF][START_REF] Carolan | Smart' Farming Techniques as Political Ontology: Access, Sovereignty and the Performance of Neoliberal and Not-So-Neoliberal Worlds[END_REF]. Currently, most of the data produced by existing PLF technologies is site specific (i.e., it serves to adjust the management on a given farm, transport unit or slaughterhouse, and is not exchanged between the food chain actors). Moreover, it is rarely (if at all) aligned with other on-farm data sets, such as data from automatic milking systems, veterinary surveillance data or post-mortem data from slaughterhouses. The full potential of more integrated data fields is still a long way off [START_REF] Lokhorst | Invited review: Big Data in precision dairy farming[END_REF], although many food chain actors are beginning to develop integrated data management systems across their supply chains for quality assurance purposes, aimed both at consumers and contracted producers. Examples of this include De Hoeve Innovatie (KDV) in the Netherlands and Carrefour in France who use sophisticated tracking technologies for their animal products. While, for the moment at least, such data sets are generally private, there would be major advantages if large-scale commercial monitoring and surveillance data was shared with producers and veterinarians for benchmarking, early warning of disease and behavioural issues, assessment of fitness for transport and so on. In short, new business models for the distribution and use of PLF monitoring data are required if greater transparency is to be achieved and if farm animal welfare, as a public good, is to be lastingly improved.

A final concern brings us back to the farmers and stock-persons with whom we began this article. Under PLF their roles and their expertise, in addition to their relationship to the animals under their care, changes and this too requires management and adaptation. The daily walk-through the broiler shed may well be replaced by the periodic reading of on-screen data or the reception of phone-alerts. As [START_REF] Cornou | Automation Systems for Farm Animals: Potential Impacts on the Human-Animal Relationship and on Animal Welfare[END_REF] points out, actual contacts with farmed animals may be reduced to physical interventions of a less welfare-friendly nature, thereby exacerbating the potential for negative animal responses to human presence. Thus, as the nature of husbandry work shifts, so too does the nature of animal care. On the other hand, when technologies relieve the workload, farmers can spend more time close to their animals, as was observed in some farms acquiring an automatic milking system [START_REF] Kling-Eveillard | The effects of PLF on human animal relationship on farm[END_REF]. Given the possible associations we identify above between PLF and consumer concerns for the automation of husbandry, this too needs to be carefully thought through. While some might argue that farmed animals are more likely to exhibit 'natural' behaviour when humans are absent, the environments in which they live are, to a greater or lesser extent, far from natural and our responsibility for their care no less strong.

Conclusions

PLF offers significant opportunities for a more holistic, evidence-based approach to the monitoring and surveillance of farmed animal welfare. To date, the emphasis within existing PLF technologies has been predominantly on animal health and productivity and, as such technologies develop further along these lines, we must ensure that these alone do not come to define welfare. To achieve this, PLF developers, animal welfare scientists and food chain actors need to collaborate, along with farmers and veterinarians, in widening the remit of PLF to address welfare issues in a more holistic and technologically creative manner. This needs to take place along three co-related fronts: first, in extending the capacity of PLF technologies to identify and measure appropriate welfare issues-suggesting the need for collaboration between welfare scientists and PLF technology developers; second, in addressing the complex issue of data construction and its translation into effective mechanisms for alert and response-suggesting an important role for on-farm demonstration and training; and third, in seeking ways of validating effective PLF welfare monitoring into quality assurance mechanisms and the value chain-implying an extended collaboration between welfare science, NGOs, food chain actors and consumer interests. In driving all of these forward, we believe that contemporary animal welfare science has a leading role to play.
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