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804

805  Contagious livestock diseases can result in economic losses and decreased productivity for cattle
806 farms. Park et al. have developed a livestock monitoring system (LMS) integrated with a
807  wireless sensor network to collect data on heart rate, breathing rate and cattle movement. The
808 authors report an average correlation coefficient of 0.97 for the collected data. Such systems
809 have the ability to change the landscape of animal farming by providing comprehensive
810 information on animal wellbeing. These systems are also able to rapidly identify livestock

811  diseases and prevent economic losses stemming from loss of productivity (Park and Ha, 2015).

812

813
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814  Figure 5. Impact of individual stressors on biological functions in cattle. Source: (Chen et al.,
815  2015b)

816

817 9.1.  Monitoring CO, ventilation in farms

818  Carbon dioxide (CO,) can be used as a tracer gas to measure ventilation, as well as emission
819 rates of CO, (Persily, 2016). Currently, CO, concentrations from agricultural facilities are
820 measured using a Photo Acoustic Spectroscope (PAS) gas analyser (Chepete et al., 2012;
821  Hassouna et al., 2013; Wheeler et al., 2006; Zhao et al., 2012) and the Open-Path laser (OP-
822  laser) (Frish, 2014; He et al., 2009). Although these are appropriate for use in mechanically
823  ventilated farms, the measurements in naturally ventilated farms show considerable variability.
824  Moreover, these systems are cost-intensive when multiple samples are required. Non-Dispersive
825 Infra-Red (NDIR) -based sensors are suggested as an alternative for PAS and OP-laser to
826 measure CO, concentrations in NV buildings. Experimental evaluation of NDIR sensors to
827  measure CO; levels has been demonstrated (Calvet et al., 2014; Piccot et al., 1994; Yasuda et al.,
828  2012) along with the miniaturisation of the method, facilitating in-field usage (Hodgkinson et al.,
829  2013). Mendes et al. have recently demonstrated the use of NDIR CO, sensors for monitoring
830 CO; levels in a naturally ventilated dairy cow barn, comparing them to other commercially
831 available NDIR CO; sensors. The authors conclude that the CO, concentrations were in
832  agreement with the platforms tested, and the number of NDIR sensors required to represent the
833  overall CO; concentration of the dairy cow barn must be calculated based on the barn length and
834  occupied barn area. The NDIR CO, sensors were found suitable to be used as a multi-point
835  monitoring system of CO, concentrations in NV buildings as a feasible alternative to PAS and

836  the OP-laser methods (Mendes et al., 2015).
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837

838 9.2.  Monitoring animal movement and behaviour

839  Monitoring movement and behaviour can provide information on an animal’s activity and
840  wellbeing. A top-view camera can provide vital information if the animal is low-weight. Motion-
841  detection technology and video recording coupled with the Gaussian Mixture Model (GMM) can
842  be used to gather information on animal size and identify low-weight animals (Sa et al., 2015).
843  MooMonitor integrates information on cow oestrus, as well as data on rumination, feeding and
844  levels of activity. It makes use of wireless sensors for the two-way transmission of data. Other
845  technologies, such as HerdNavigator™ and the Afimilk Silent Herdsman also serve the same
846  purpose. The Silent Herdsman is a wearable technology and monitors all activities of cattle to
847  analyse their behaviour. Any changes in an animal’s behaviour pattern can be used to identify the
848  oestrus cycles and onset of disease/sickness.

849

850 Honeybees produce a variety of different sounds as a means to communicate with the colony.
851  The sounds have characteristic low fundamental frequencies between 300 and 600 Hz (Barth et
852 al., 2005). Honeybees’ sounds have specific frequencies within this range for a number of
853  reasons. Both the range of sound frequency and the acoustic signal pattern determine the
854  meaning of the sound. An accurate quantification of these signal patterns can give valuable
855 information on the hive health (Qandour et al., 2014). Electronic systems for management of
856  beehives have been developed lately and combine hive acoustics monitoring with measurement
857  of parameters like brood temperature (Kridi et al., 2016), humidity, hive weight and the weather
858 conditions of the apiary. Dietlein et al. have developed a system for automated continuous

859  recording of sound emission by honeybees as a measure of their activity (Dietlein, 1985). The
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860  specific sounds from the hives are useful in providing information on colony behaviour, strength
861 and health, and the data from the monitoring device can be accessed remotely from any internet-
862  enabled device (Bromenshenk et al., 2015; Evans, 2015; Meikle and Holst, 2015). Other systems
863  are being developed that integrate visual, acoustic and beehive monitoring systems and share
864  them with the environmental monitoring platform (Figure 6). These systems can help in

865  collecting and analysing the data on bee behaviour for biologists (Chiron et al., 2013).

866
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868  Figure 6. Platform for gathering information from different blocks on bee activity, bee
869  trajectories and weather. The platform also allows for sharing of information with the
870  beehive monitoring system. Source: (Chiron et al., 2013).

871

872  9.3.  Bioacoustic monitoring of poultry using biosensors

873

874  Livestock farming and production do not simply target economic goals, but food quality, safety,
875  broiler production efficiency and sustainability (Berckmans, 2006). For these purposes, a
876  growing need emerges in livestock farming, particularly in chicken farming, to monitor and

877  assess the animals’ health, activity and welfare in real time, efficiently and economically.

42


https://doi.org/10.1101/128504
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/128504; this version posted April 19, 2017. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

878  Current, traditional monitoring systems in poultry farming are based on manual methods or
879  simple systems relying on the observation, judgment and experience of the farmers, which is
880  time-consuming, not real-time, and inaccurate.

881

882  Secondly, when it comes to the monitoring of the health, activity and welfare of chickens,
883  currently available methods and systems cannot meet the increasing technical, administrative,
884 and organisational requirements of ever-growing farms, which limits the possibility and
885  feasibility of monitoring their livestock (Halachmi and Guarino, 2016). Thirdly, when targeting
886  health and disease monitoring, clinical signs such as nasal discharge and diarrhoea are non-
887  specific and cannot be used as evidence in diagnosis (Rahimian et al., 2012); and advanced
888  diagnostic methods including ELISA and real-time RT-PCR are only useful when daily
889  monitoring shows the necessity, because of their requirements for expert personnel, expensive
890  equipment, and time-consuming and costly processes (Soltan et al., 2016).

891

892  Precision livestock farming and smart agriculture are calling for novel and automatic systems
893 that are effective, efficient and affordable, and which meet variable goals to satisfy the purposes
894  of monitoring the health, activity and welfare of chickens (Banakar et al., 2016). The ideal
895  system would be an automatic device with an alarm feature, which is technologically simplified
896  enough to be understandable and usable by farmers to assist in their daily monitoring of welfare,
897  such as activities and conditions of the birds

898

899  Recent development of scientific research and technology in chickens and other livestock

900 indicates that vocalisation monitoring could be a valuable tool for predicting diseases and
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901 enhancing productivity. Vocalisation technology is based on sounds made by the birds in their
902 daily activities on the farms. The acoustic monitoring system was first developed to monitor
903  coughing in porcine livestock farms, which found coughing to be an indicator of animal
904  conditions, as it is a frequent symptom of multiple respiratory diseases affecting the lungs of
905 livestock (Chedad et al., 2001). The new acoustic technology using neural networks as
906 classification methods can distinguish cough sounds from other sounds such as metal clanging,
907  grunts, and background noises. Using the nanobiosensors, vocalisation detection can be designed
908 and developed as an efficient, effective and affordable system in monitoring the health
909 conditions of chickens, to provide opportunities for making decisions and undertaking necessary
910  actions.

911

912  Further development of the acoustic technology to detect porcine coughing contributed to a user-
913  friendly computer software system called Cool Edit Program (Gutierrez et al., 2010). With the
914  PC software system installed in porcine livestock farms, the farmers can monitor and initially
915  diagnose pigs with wasting diseases on breeding farms in real time based on the online cough
916  counter algorithm. An efficient data-mining technology was used to detect and recognise sounds
917  from pigs with or without wasting diseases, and the sound data were collected in audio
918  surveillance systems (Chung et al., 2013). Post sound acquisition, the widely used Mel
919  Frequency Cepstrum Coefficient (MFCC) sound analysis technology was used to extract and
920 differentiate sound data in the data pre-processing phase. Further development of the coughing
921  sound recognition system used the Support Vector Data Description (SVDD) technology to
922  enhance the automatic monitoring system. The SVDD worked as an anomaly or novelty detector

923  to detect sound data related to porcine wasting diseases. Finally, the Sparse Representation
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924  Classifier (SRC) technology was used to classify the sound data based on their relations to
925  different sub-types of porcine wasting diseases. Using the combination of MFCC, SVDD and
926  SRC technology, the study yielded up to 94% disease detection and 91% classification accuracy
927  of porcine wasting diseases.

928

929  The vocalisation- and acoustic-detection technology developed for pig coughing systems cannot
930 be directly applied to poultry farms due to the types and the frequencies of the sounds the
931  chickens make. The early exploration of the relation between vocalisation and poultry livestock
932  welfare can be traced back to 1953 (Collias and Joos, 1953), and a great number of different
933  vocalisation sounds, up to 30, have been described for juvenile and adult chickens (Manteuffel et
934 al., 2004). The vocalisation system can allow the detection of signs of welfare as gakel-calls,
935 alarm calls, distress calls, and stress calls through their sound analysis, indicating the levels of
936  energy, frequency, and call duration, to detect normal welfare or impaired welfare. The socially
937  relevant utterances will depend on complex contexts, but not solely on reactions to simple
938 internal states and external stimuli. For example, the hens’ calls can be differentiated from cocks’
939 calls, and food calls from brooding hens to their chicks have a higher probability of occurrence
940  when the chicks are not feeding or are at a distance (Wauters and Richard- Yris, 2002).

941

942  Bioacoustics from poultry farms can also help to identify genetic strains and sexes of the birds,
943  in which the genetic strains can be identified using the second formant frequency and the pitch of
944  the sounds; and the sexes can be identified using the second formant frequency apart from the
945 sounds (Pereira et al., 2015a). An in-depth and comprehensive development of the acoustic

946  system can detect the key vocalisation frequency and pattern changes in routine activities of the
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947  birds, and identify the age and weight of young broiler chickens based on the audio monitoring
948  and comparison of anticipated sound patterns (Fontana et al., 2016). Figure 7 shows a schematic
949  representation of how a well-designed intelligent technology using a vocalisation-detection
950  system can monitor welfare and diagnose diverse infectious diseases in farmed chickens. Sound
951  signals collected using microphones and a data collection card analysed by a neural network
952  pattern-recognition system can detect and diagnose necrotic enteritis derived from the infection
953  of Clostridium perfringens type A (Sadeghi et al., 2015). The diagnostic accuracy was 66.6% on
954 day 2, and 100% on day 8 post the disease onset. Another study compared three different sound-
955  detecting systems in the diagnosis of three avian infectious diseases with heavy economic losses:
956  Newcastle Disease, Bronchitis Virus, and Avian Influenza (Banakar et al., 2016). The three
957  systems were sound and time frequency detection alone, the Support Vector Data Description
958 system (SVDD) (Chung et al., 2013), and an artificially intelligent device using SVDD as an
959 input for intelligent analysis (Sadeghi et al., 2015). The results showed that the diagnostic
960 accuracy from frequency detection was 41.4%, from SVDD was 83.3%, and from the artificially
961 intelligent device was 91.2%. These results indicate that the combination of SVDD technology
962 and artificially intelligent technology could yield the most accurate diagnosis in detecting poultry

963  diseases from bioacoustics.
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970

971

972  Figure 7. .Schematic representation of the use of bioacoustics analysis for detection of wellbeing
973 in poultry livestock.

974

975 10. Perspectives

976

977  Precision livestock farming aims at creating a management system that relies upon autonomous,
978  continuous, real-time monitoring and control of all aspects of livestock management, including
979  reproduction, animal health and welfare, and the environmental impact of livestock production.
980 It is assumed that the direct monitoring of animals will achieve greater control over their health
981  status, which will eventually translate into better animal product quality over longer periods of
982  time. Biosensor technology shall enable accurate and affordable acquisition of data points, while
983 the smart algorithms, coupled with networked farms, shall further decision making and
984  management processes in the animal farms. The primary goal of precision livestock farming is to
985  generate reliable data using biosensors and run it through intelligent software systems to create
986  value for the farmer, the environment, and the animals in the form of improved animal health and
987  welfare, increased productivity and yields and reduced costs while minimising the impact on the
988  environment.

989

990  While the biosensor technology is available for individual parameters, key advancements in the
991 field are expected to generate robust monitoring systems for a multitude of parameters. Another
992  key challenge currently faced is the slow uptake of these technologies on commercial farms. This

993  has been attributed to the fact that although the precision systems and biosensors generate
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994  abundant data, the data is currently not being converted into useful information that could be
995 utilised for the decision-making process in livestock management. Furthermore, the economic
996  benefits of using these advanced systems is set to be demonstrated to individual farmers, who are
997 reluctant to make investments in these systems in the absence of a clear economic benefit.

998

999  There is no doubt that advancements in the development of nanobiosensors, combining
1000  nanotechnology with highly specific analytic techniques for metabolic biomolecules and
1001  surveillance systems for monitoring animal health and welfare will be ubiquitously used to
1002  manage livestock farms and prevent disease outbreak. The key challenges that remain to be
1003  resolved include harmonisation of methods across various platforms and large-scale
1004  implementation of data analysis and sharing technologies.

1005

1006  Table 2. Biosensor applications in animal health monitoring

Biosensor Application Reference
Grazing/Feeding Pressure (Braun et al., 2013; Nydegger et al.,
Behaviour sensing 2010; Pahl et al., 2016; Rutter et al.,

1997)
Acoustic (Benvenutti et al., 2016; Navon et al.,
sensing 2013)

Acceleration (Giovanetti et al., 2017; Herinaina et
Sensors al., 2016; Mattachini et al., 2016;

Oudshoorn et al., 2013; Tani et al.,
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2013; Umemura et al., 2009)

Breath Analysis
Cortisol Animal stress (Kim et al., 2011; Yamaguchi et al.,
(cattle) 2013) Reviewed in (Singh et al.,
2014)
Alpha amylase Animal stress (Fuentes et al., 2011)
(Pigs)
Glucose sensing Pigs (Park et al., 2009)
Fish stress (Hibi et al., 2012; Wu et al., 2015;
Yonemori et al., 2009)
Diseases
Bovine Cattle (Heinze et al., 2009; Luo et al., 2010;
Diarrhoea Montrose et al., 2015)
Virus
Avian Poultry (Bai et al.,, 2012; Diouani et al.,
Influenza Virus 2008; Guo et al., 2013; Li et al,

2011; Wang et al., 2009; Xu et al.,
2007; Yeet al., 2014)
Foot-and- Swine (Gajendragad et al., 2001; Gomes et
Mouth Disease al., 1999; Niedbalski, 2016; Salomon
et al., 2014; Yang et al., 2015; Yang
etal., 2013)

Bovine (Schaefer et al., 2012; Tarasov et al.,
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1007

1008

1009

Respiratory 2016)
Disease
Uric Acid Physical stress, (Kim et al., 2015)
renal
metabolism
Volatile  Organic Mycobacterium Cattle (Ellis et al., 2014; Fend et al., 2005;
Compounds bovis Peled et al., 2012)
Reproductive Cattle oestrus (Andersson et al., 2016; Andersson et
Health Monitoring cycle al., 2015; Jonsson et al., 2011;
Vanrell et al., 2014; Vreeburg,
2010a; Zeidan et al., 2016)
Integrative Pigs (De Groot et al., 2012)
Wireless
Monitoring
Beehive Monitoring bee Bees (Bromenshenk et al., 2015; Evans,
Management health beehive 2015; Meikle and Holst, 2015)

environment

Table 3. Biosensor Transducers and Applications

Transducer system Principle

Applications

SPR

index

Changes in refractive

Urea detection

(Frasconi et al.,

Progesterone detection 2009; Mitchell et
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Single-walled carbon
nanotube arrays

Piezoelectric crystal

Thermistor

Optoelectronic/wave guide Optical pH, colorimetry

and fibre optic

device/Quantum dots

lon-sensitive electrode

(ISE)

Field effect transistor

aCC-BY-NC-ND 4.0 International license.

Amperometric

Mass change

Calorimetric

Potentiometric

Potentiometric

51

Cortisol detection

Glucose sensors

Volatile gasses and
vapours

Enzyme, organelle,
whole cell or tissue
sensors for substrates,
Products, gasses,
pollutants, antibiotics,

vitamins, etc.
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al., 2009; Mitchell |
et al., 2005)
Reviewed in
(Mitchell, 2010)

(Liu et al., 2005)

(Fine et al., 2010)
Reviewed in (Sun

etal., 2012)

Enzyme substrates and (Neethirajan et al.,

immunological systems 2016; Weng et al.,

lons in biological
media, enzyme
electrodes, enzyme
immunosensors

lons, gasses, enzyme

2015a; Weng et al.,
2015b)
(Rose et al., 2015)

(Kim et al., 2015)

(Tarasov et al.,
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immunological analytes
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Highlights
e Advances in the signaling strategies and data acquisition for animal health management are summarized.
e Review focuses on the systems for observing physiological parameters and health of livestock.
e Nanomaterials based development and application of biosensors for animal health are discussed.

e Advancement in non-invasive biosensing techniques for the monitoring of livestock are reviewed.
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