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Abstract

:

The monitoring and measurement of animal behaviour may be valuable for improving animal production and welfare. This study was designed to develop thresholds to predict the grazing, standing, walking, and lying behaviour of dairy cows from motion sensor (IceTag) output. The experiment included 29 lactating cows grazed in a pasture-based dairy production system with voluntary cow movement in northern Victoria, Australia. Sensors recorded motion data at 1 min intervals. A total of 5818 min of cow observations were used. Two approaches were developed using (1) the IceTag lying index and steps only and (2) the IceTag lying index, steps, and motion index for each behaviour. Grazing behaviour was best predicted by the second approach, which had a sensitivity of 92% and specificity of 60%. The thresholds were then used to predict cow behaviour during two periods. On average, across both time periods, cows spent 38% of the day grazing, 38% lying, 19% standing, and 5% walking. Predicted individual cow grazing time was positively correlated with both milk production and milking frequency. The thresholds developed were effective at predicting cow behaviours and can be applied to measure behaviour in pasture-based dairy production.
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1. Introduction


Precisely monitoring and measuring animal behaviours has the potential to increase the efficiency of production and product quality from livestock systems, including dairy [1]. The intensification of dairy production, including industry trends towards larger herds and greater use of automatic milking systems (AMS), will require a greater measurement and understanding of the behaviour of dairy cows [2]. For example, increasing herd sizes may lead to longer waiting times for cows in the milking parlour and longer time off pasture with reduced time for grazing and resting [3], while in AMS, a thorough understanding of grazing behaviour is needed to facilitate voluntary cow movement [4]. Compared to conventional milking systems where cows are herded between the pasture and milking parlour as a group, in AMS, cows move voluntarily as individuals or in small groups, so they enter and exit the pasture allocation at different times. This voluntary cow movement between the pasture and milking parlour is a major variable that impacts on milking frequency and production [4]. Therefore, understanding the grazing behaviour of individual cows is important to increase the accuracy of pasture allocation in AMS and further improve animal production.



Over the past seven decades, automatic sensors have been invented and developed to monitor animal behaviours, which are less labour intensive than visual observation and reduce human interference [5]. However, the accuracies and accessibilities of these sensors are varied; for example, while noseband pressure-based sensors are more accurate in classifying jaw activities than other sensors, accelerometers are more practical on commercial farms [6]. Among these behaviour sensors, the IceTag sensor (IceTag, IceRobotics Ltd., Edinburgh, Scotland) is a motion sensor that can be used under research and commercial conditions on dairy farms and has been validated to measure posture (lying or standing) and the number of steps taken in pasture-based systems [7]. The IceTag records activity as steps and a motion-index indicative of the amount of movement [7,8]. The IceTag was found to be reasonably accurate in differentiating between standing and walking in dairy cows with a misclassification rate of 10% when using a rolling 3 s average [9].



The IceTag sensor was specifically developed for adult cattle but has been used on other categories and species, such as young calves [10] and lambs [11]. While previous studies found that the IceTag sensor measured some behaviours accurately (lying or standing), it did not accurately measure steps in lambs [11] and calves [10]. In cows, algorithms have been developed that have made the IceTag sensor multifunctional, and it can operate with reasonable overall accuracy to detect oestrus [7] and lameness [12] and to map the diurnal patterns of animal position and step rate [13]. However, when differentiating different motion behaviours (grazing, standing, and walking), the overlap of the number of steps and motion index made these behaviours challenging to differentiate [10]. Some algorithms have been developed to predict lying, standing, and walking behaviour rather than grazing behaviour. However, previous work on grazing behaviour by using a pedometer increased the precision of the prediction of grazing behaviour while sacrificing standing and walking behaviours [13]. There is a need to further develop the thresholds to better differentiate between grazing, standing, and walking behaviour.



Cows modify their grazing and walking behaviour under different management regimes [14]. Compared to conventional milking systems (CMS), cow behaviours tend to become less synchronous in AMS [15]. In CMS, animals are fetched from paddocks to milking parlours around the time of milking, while in AMS, cows move voluntarily and choose when to feed, rest, and be milked [15,16]. The animals must be motivated to act independently and walk between the pasture and the milking unit several times a day [15]. It is likely that the amount of pasture and the distance from the pasture to the milking unit play a role in controlling the independent voluntary movement of cows [17] and hence the overall natural range of behaviours in AMS. Behaviours, particularly grazing, are also influenced by the time of the day [18]. Cows follow a distinct diurnal grazing pattern; for example, Gibb et al. (1997) [18] observed five grazing bouts per day, most occurring during daylight, and only one grazing bout occurring between 2200 and 0600 h. Another study showed that during the hours of daylight, the average time that cattle spent grazing ranged from 4.5 to 9.3 h, whereas over the whole 24 h period, the time spent grazing ranged from 6.8 to 13.0 h, which indicates the amount of grazing during the daylight was greater than that during the dark [19]. Among the grazing bouts per day, the dusk bout was the longest, occupying approximately 40% of the daily total feeding time [20]. The grazing behaviour of cows is also influenced by other cues, such as social herd structures [21], as well as herd management [22].



The aim of this study was to develop thresholds to differentiate behaviours (in particular, grazing, standing, walking, and lying behaviour) of dairy cows using IceTag data. The thresholds were then used to determine the temporal grazing behaviour of dairy cows in a pasture-based AMS and the correlations between predicted behaviours and cow characteristics and production.




2. Materials and Methods


2.1. Site and Farm Details


The study described was approved by the Faculty of Veterinary and Agricultural Sciences Animal Ethics committee at The University of Melbourne (ID number: 1814481.1). The study was conducted at The University of Melbourne Dookie Campus dairy farm, in northern Victoria, Australia (36°22′48′′ S, 145°42′36′′ E). The region has a Mediterranean climate with annual average rainfall of 550 mm. The dairy farm has a pasture-based production system with an AMS and voluntary cow movement. There were 55 hectares of pastures on the farm that are sown to either perennial ryegrass (Lolium perenne) or annual ryegrass (Lolium multiflorum)-based pastures. The dairy milking herd contained up to 158 Holstein-Friesian cows of mixed ages with a split calving system, where approximately two-thirds of the cows calved in late winter–early spring and the remainder calved in autumn. The AMS consisted of three Lely Astronaut robotic milking machines (Astronaut milking machine; Lely Industries NV, Maasland, The Netherlands). A ‘3-way’ grazing system was implemented, where the pasture area was divided into three zones, and the cows were allowed access to a new paddock approximately every 8 h. Cows voluntarily moved from the paddock to the dairy individually or in small groups. This voluntary movement resulted in different milking frequencies for individual cows. Depending on the paddock allocated to the grazing herd, cows had to walk from 100 m to 1 km from the paddock to the AMS. The diet of the herd varies seasonally, but on an annual basis, grazed pasture was approximately 50% of the cows’ diet with 30% from concentrates and 20% from hay/silage. Drinking water was available ad libitum in the paddocks and at the dairy shed. Each cow was fitted with an electronic identification collar (Owes-H system, Lely, Massluis, The Netherlands), and cow-milking records were registered in the herd management software (T4C InHerd, Lely, Maassluis, The Netherlands). The cow and production data used in this study were time of milking, lactation days, milking frequency per day, lactation number (parity), liveweight (kg), milk yield (kg/day), milk fat (%), and milk protein (%). All of these production data were reported daily for individual cows from the herd management software (T4C InHerd, Lely, Maassluis, The Netherlands).




2.2. Cow Selection and Behaviour Observations


The observations used to develop the thresholds to predict grazing, standing, walking, and lying behaviours were conducted with a total of 29 lactating cows over two separate periods in 2018. In the first period from 6 to 20 September, 15 cows were selected from a herd of 150 cows. The second period was 6–27 November when another 14 cows were selected from a herd of 147 cows. Cows were selected based on their milking orders two weeks before the experiment. Milking orders were calculated as the percentile rank of cows using the morning milking times of individual cows from first to last following the procedure of Cullen et al. (2020) [23]. The aim of cow selection was to include cows with a broad range of milking orders in both periods, as milking orders have been shown to be correlated with cow characteristics and production in the herd [23]. No cows that showed clinical symptoms of lameness or other health issues were included in this study. Their diet consisted of 5.4 kg/day/cow cereal-grain based pellets offered by AMS and fed during milking, and <1 kg DM/day/cow cereal hay was offered on the side of laneway, together with a back-calculated estimated pasture intake (using the Primary Industries Standing Committee (2007) method [24]) of 10.5 and 12.7 kg DM/day in September and November, respectively.



IceTag activity sensors (IceTag; IceRobotics Ltd., Edinburgh, Scotland) were fitted to the rear, left leg of each cow on the first day of each observation period. These cows were also visually marked with stock spray so they could be individually identified from a distance. The IceTag is a three-axis accelerometer that can record cows’ motion behaviours. The IceTag sensor recorded the activity in three-dimensions and stored it in the SD memory card until the data were downloaded after the experiment. The activity data were downloaded in 1 min intervals with three variables: lying (0–100 scale, where higher numbers indicate the leg is horizontal and in a lying position), steps (number per minute), and the motion index (overall index of movement).



Cow behaviour was recorded as grazing, walking, standing, or lying by trained technicians for continuous 30 min periods on individual cows using the definitions in Table 1. Cow observations were conducted throughout the experimental periods during daylight hours by technicians observing the cows from a distance of 10–50 m. To meet the objective of defining grazing behaviour, most observations were selected to monitor cows when they were grazing. The start and end times of each cow observation were recorded to synchronise the behaviour data with the IceTag activity. Each time that the behaviour changed was also recorded (e.g., when the cow stopped grazing and started walking). Behaviour was classified for each 1 min interval by noting which of the four behaviours (grazing, walking, standing, or lying) was observed for the longest period of each minute. There were 102 cow observations in September (average 6.8 observations per cow, range 5–9) and 99 observations in November (average 7.1 observations per cow, range 3–9). The total duration of recorded observations was 6102 min. However, the IceTag data from one cow in the November period (6 observations) could not be retrieved, so these data were excluded from the analysis, leaving 5922 min of observation for further analysis.




2.3. Data Analysis


The 1 min interval cow behaviour observations and IceTag data (lying index, motion index, and steps) were manually compared to check for obvious errors. For example, if a cow was observed as being upright but the IceTag identified it as lying with high lying index, this indicated that the cow had been misidentified. This process identified 104 min (<2% of observations) of data that were excluded from further analysis. In total, across the September and November periods, there were 5818 min of observations used to develop the thresholds (4387 min of grazing, 607 min of standing, 497 min of lying, and 327 min of walking).



Thresholds to predict grazing, standing, walking, and lying behaviour from the IceTag data were developed by comparing the 1 min IceTag data with the 5818 min of observed data across the September and November periods. First, thresholds were developed using the IceTag lying and steps only, then with the IceTag lying, steps, and motion index. Different thresholds of IceTag lying index (0–100, in units of 10), steps (0–25, in individual units), and the motion index (0–30, in individual units) were manually tested for each behaviour. The predictions from different combinations of thresholds were visually assessed to achieve the highest sensitivity (Sn, true positive rate), specificity (Sp, true negative rate), positive predicted value (PPV), negative predicted value (NPV), while predicting a similar total number of behaviours as there were observations of each behaviour. The following equations were used:


  S n =   T P     T P + F N     × 100      



(1)
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  P P V =   T P     T P + F P     × 100  



(3)






  N P V =   T N     F N + T N     × 100      



(4)




where TP = number of true positive observations, FN = number of false negative observations, TN = number of true negative observations, and FP = number of false positive observations. The total misclassification rate for grazing, walking, and standing behaviour was also calculated.



The thresholds were also tested across 2 and 5 min intervals. The behaviour for each 2 or 5 min interval was classified as grazing, walking, standing, or lying according to the most common recorded at the 1 min intervals, and if there was equal number of two different behaviours, then the behaviour recorded first was used. For example, in a 5 min interval, if the behaviours in individual minutes were grazing, grazing, standing, walking, and walking, then the 5 min interval was recorded as grazing because it occurred first. The number of steps, motion, and lying indices were averaged over the 2 or 5 min intervals. The predictions were assessed using the same statistics described above.



Using the thresholds developed, the individual cow IceTag data were used to predict the behaviours (grazing, standing, walking, or lying) of each cow at 1 min intervals for the periods 10–19 September and 7–26 November 2018. The data were summarised as the average number of minutes of each behaviour per cow per day (behaviours in milking were also recorded) and the average percentage of cows showing each behaviour for each minute of the day for both periods.



To investigate the relationships between predicted behaviour and cow characteristics and production, the individual cow average behaviour time (measured by IceTag) was compared with the corresponding average production values for both periods. The cow milking order was calculated for each cow as an average over the experimental periods based on morning milking times, following the procedure of Cullen et al. (2020) [23]. Correlations between behaviours, cow characteristics, and production were calculated using Microsoft Excel, 2016 version (Redmond, WA, USA).





3. Results


3.1. Thresholds to Predict Behaviour


The observed behaviour and the corresponding IceTag data for lying, steps, and the motion index is shown in Figure 1. The IceTag lying data showed that 95% of the lying observations had a lying index value of 100, and 98% of the lying observations were >50 on the lying index (Figure 1a). More than 99% of the grazing, walking, and standing observations had an IceTag lying value of <50; however, there was more variation with grazing.



Grazing observations most commonly had IceTag steps values of 1 or 2 steps/minute (each 20% of observation), with 91% of grazing observations having 1–15 steps/minute (Figure 1b). Eight percent of grazing observations had no steps. Similar patterns were observed with the motion index, where 94% of grazing observations had a value in the range of 1–50, and 3% had a value of zero (Figure 1c). Walking behaviour had higher steps and a higher motion index than grazing, but it was also more variable. Eighty-three percent of walking observations had 11–60 steps/minute and a motion index > 50 (Figure 1b,c). For standing behaviour, 45 and 48% of observations had 0 and 1–10 steps/minute, respectively, while 43 and 36% of observations had the motion index value of 0 and 1–10, respectively, (Figure 1b,c).



Thresholds to predict behaviours based on IceTag lying and steps only and IceTag lying, steps, and the motion index are shown in Table 2. Lying behaviour was most accurately predicted, with a PPV of 95.5% and a NPV of 99.9%. In general, the predictions of grazing, standing, and walking behaviour between the two approaches were also similar; however, there were some small improvements in predictions when the motion index was included (the sum of sensitivity and specificity was slightly increased for grazing and standing when the motion index was included but was slightly lower for walking). The low specificity and NPV for grazing predictions and the low sensitivity and PPV for standing predictions (Table 2) indicate that differentiating between standing and grazing was the most difficult. When the motion index was included, these predictions were slightly improved. Both approaches predicted walking behaviour quite well.



Compared to the total number of observations of each behaviour, the thresholds with only IceTag lying and steps slightly underpredicted the number of grazing observations (98.9%) and overpredicted the number of lying, walking, and standing observations at the 1 min time scale (102.0, 111.6, and 102.3%, respectively). By comparison, the thresholds with IceTag lying, steps, and the motion index slightly overpredicted the number of lying and grazing (102 and 100.5%, respectively) but under-predicted the number of standing and walking (97.2 and 98.2%, respectively) observations. This indicates that the thresholds with IceTag lying, steps, and the motion index had a small improvement in predicting the total number of behaviour observations, particularly for grazing. The combined misclassification rate for grazing, walking, and standing behaviours was 15.7% using steps only and 13.9% using steps and the lying index, indicating that some of the prediction errors for individual behaviours cancel each other out when compared against the total number of observations.



The thresholds used for predictions at the 1 min intervals had the highest Se and Sp, with declining results for the 2 and 5 min intervals (Table 2). There were some minor exceptions to this; for example, grazing predictions had higher Se at the 2 min intervals compared to 1 min, but there was a decline in Sp. The Se of walking behaviour decreased substantially from 2 to 5 min intervals.




3.2. Predicted Dairy Cow Behaviour


The thresholds at 1 min intervals that included the IceTag lying index, steps, and motion index were used to predict dairy cow behaviour of the same focal animals within the same herd at 1 min intervals over the periods 10–19 September and 7–26 November 2018. The average predicted grazing time of cows in September was 500 min/day (range 397–609) and in November was 592 min/day (range 467–678, Figure 2). On average, across both time periods, it was predicted that cows spent 38% of the day both grazing and lying, 19% standing, and 5% of the day walking.



The average diurnal behaviour patterns of the cows in September and November showed that grazing is distributed during the day with peaks in the early morning, around midday, and in the early evening (Figure 3). Lying behaviour mainly occurred during the night. Walking occurred throughout the day and usually in less than 15% of the cows at any one time. Standing was more common during daylight hours compared to night. It is important to note that the data are averaged over cows and days, so distinct grazing or lying bouts of individual cows are not visible.




3.3. Correlations between Behaviour and Cow Characteristics


The average and range of cow characteristics and production data during the September and November experimental periods are shown in Table 3. There was a positive correlation between predicted grazing and walking times in both September and November, and a negative relationship between predicted grazing and standing time in November (Table 4). Grazing time was positively associated with milk solids (kg/cow) and milking frequency, but milk solids and milking frequency were also positively correlated. Walking time was positively associated with milking frequency in both months.





4. Discussion


4.1. Thresholds to Predict Behaviour


Visual observations are a more accurate method of collecting behaviour data, but they are time-consuming. Motion sensors may be a more practical method to collect behaviour data over more extended periods. The thresholds to predict dairy cow lying, standing, grazing, and walking behaviours utilising IceTag lying, steps, and the motion index was a better predictor than one based on IceTag lying and steps only. This was based on 5818 min of observed behaviours of 29 Holstein-Friesian cows fitted in a pasture-based AMS, utilising the 1 min interval IceTag data. Lying and walking behaviours were very well-predicted, but it was difficult to differentiate between grazing and standing behaviour (Figure 1 and Table 2). This may be attributed to the overlap of grazing behaviour and standing behaviour. While grazing is usually characterised by slow, intermittent movements, there are some instances of grazing when no steps were recorded (Figure 1). The IceTag sensor was attached on the leg, so when a cow was grazing in the same area for several bites without moving, grazing behaviour may be misclassified as standing. It is also possible that behaviour changes within the 1 min time frame caused misclassification because observers classified the behaviour as the one that occupied most of the minute. So, if a cow was standing for >30 s then started grazing, the visual observation would be classified as standing, but a number of steps would be recorded by the IceTag. The use of the IceTag motion index improved the distinction between grazing and standing, but the statistics in Table 2 demonstrate that under real grazing conditions, the difference between grazing and standing was hard to predict. Improvements in predictions may have been achieved if a shorter timestep for observation and prediction was used [23]. The requirement for shorter time intervals is supported by the lower accuracy of prediction in the 2 and 5 min intervals, particularly for walking and standing behaviours (Table 2).



Overall, the results of this study were consistent with previous studies that have examined the use of IceTag data to distinguish between grazing and other behaviours. A number of studies have reported that the IceTag data are very effective at separating lying and standing behaviour but that it is difficult to distinguish between grazing and upright behaviours (standing and walking) [10,13,25].




4.2. Predicted Dairy Cow Activity


This is the first study to quantify the temporal patterns of the grazing behaviour of dairy cows in pasture-based AMS on a 1 min timescale. One of the characteristics of AMS with voluntary cow traffic is the distributed milking pattern, and this is observed by the low proportion of cows showing walking behaviour at any one time but distributed throughout the day (Figure 3), which would contrast with walking behaviour in CMS when all or large groups of cows are herded to the dairy at the same time. The voluntary behaviour by cows in AMS is indicative of more natural patterns of grazing and lying bouts, compared to the imposed pattern of (mostly) twice daily milking followed by grazing.



In this study, the average predicted time that cows grazed was 9.1 h/day (range of average for individual cows 6.6–11.3 h/day), which is within the range of 6.8 to 13.0 h reported by John et al. (2017) [19]. The diurnal pattern of grazing and greater amount of grazing time in daylight compared to during the dark is consistent with previous studies conducted in either CMS [18,20,26,27] or AMS [19]. Several factors, for example, diurnal fluctuations in feed quality, photoperiods, predatory instincts, and satiety hormones might explain the diurnal pattern of grazing [26]. The highest amount of grazing events at dusk is in line with earlier studies [18,20,26,27]. It occupies over 45% of the daily grazing time and is associated with the highest diurnal values of bite rate and mass on a DM basis [26] and, thereby, intake rate [18,20,26,28]. Lying time in this study was predicted to be 9.1 h/day (range 4.8–12.6 h/day), which is consistent with a number of studies on dairy cows [17,29,30].




4.3. Correlations between Behaviour and Cow Characteristics


The only correlations between the predicted behaviour and cow characteristics that were >0.5 in both the September and November periods were positive correlations between grazing time and milk solids (kg) and milking frequency, and a positive correlation between walking time and milking frequency (Table 4). High-producing cows are expected to spend more time grazing, and in AMS, higher production has been previously associated with higher milking frequency [23]. Much of the cows’ walking activities would be to and from the milking parlour, so the positive correlation between milking frequency and walking time was expected.



Although cows were selected from the herd for this study to include a broad range of milking orders, there were relatively few correlations between milking order and cow characteristics particularly in September when pasture availability (and thus intake per cow) was estimated to be lower than November (Table 4). In November, higher milking order cows (later cows) had a higher standing time with reduced grazing and walking times. Higher standing times may have been due to the later cows waiting longer times in the milking yard, which may have negative consequences, such as reduced milk yield, that have also been reported in cows that are late in the milking order [23,31]. In addition, late cows are more likely to enter the pasture allocation later in the grazing cycle when the pasture mass and nutritive characteristics might be lower [31,32]. Conducting a further study to quantify the grazing behaviour and grazing duration of cows in AMS and the consequent impact on milk production would be worthwhile to develop improved grazing management strategies.





5. Conclusions


The thresholds utilising IceTag lying index, steps, and the motion index at 1 min intervals realistically predicted the lying, grazing, walking, and standing behaviour of dairy cows, although specificity and sensitivity were lower for grazing and standing due to the overlap in steps between the two behaviours. The application of these thresholds to predict the temporal variation in cow behaviours can be used to enhance the welfare and production of cows in pasture-based dairy systems.
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Figure 1. Percentage of grazing, walking, standing, and lying behaviour observations in each category of IceTag activity data for (a) lying, (b) steps, and (c) motion index. Note that the x-axis scale changes on each graph to highlight the important ranges in the data. 
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Figure 2. The duration (minutes per day) of grazing, standing, walking, and lying behaviours estimated by the 1 min interval thresholds in September (15 cows over 10 days) and November (13 cows over 20 days). 






Figure 2. The duration (minutes per day) of grazing, standing, walking, and lying behaviours estimated by the 1 min interval thresholds in September (15 cows over 10 days) and November (13 cows over 20 days).



[image: Dairy 04 00009 g002]







[image: Dairy 04 00009 g003a 550][image: Dairy 04 00009 g003b 550] 





Figure 3. Average percentage of cows with predicted grazing, lying, standing, and walking behaviour for each minute of the day in (a) September period (15 cows over 10 days) and (b) November (data from 13 cows over 20 days) in a pasture-based AMS. Times are shown in Australian Eastern Standard Time. Sunrise and sunset times were 06:15 and 18:08 in September and 05:00 and 19:03 in November. 
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Table 1. Definition of the grazing, standing, walking, and lying behaviours used on the cow observations.
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	Behaviour
	Definition





	Grazing
	Record as grazing when the cow is eating grass with jaw movement. Normally cow will be walking slowly, occasionally standing still for several seconds, sometimes moving a few steps to get to another spot. (Record as grazing if standing still for <30 s or walking < 10 m.)



	Standing
	All four feet stand on the ground, and cow is not grazing. (Record as standing when stationary for >30 s.)



	Walking
	Cow walking with more than one leg moving continuously without grazing behaviour performed. (Record as walking when moving over a distance > 10 m.)



	Lying
	The cow has folded the front legs underneath her body or is laterally lying down (without grazing).










[image: Table] 





Table 2. Thresholds to predict lying, grazing, walking, and standing behaviour using the IceTag lying index with steps only or lying index with both steps and motion index at 1, 2, and 5 min intervals. The sensitivity (Se), specificity (Sp), positive predicted value (PPV), and negative predicted value (NPV) for each behaviour is shown. Lying behaviour did not use motion index so is only shown once.
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Behaviour

	
Thresholds

	
Interval

	
Se (%)

	
Sp (%)

	
PPV (%)

	
NPV (%)






	

	
Lying index and steps only




	
Lying

	
Lying > 50

	
1 min

	
99.3

	
99.6

	
95.5

	
99.9




	
2 min

	
95.6

	
100.0

	
99.6

	
99.6




	
5 min

	
83.4

	
98.0

	
80.2

	
98.4




	
Grazing

	
Lying ≤ 50, Steps ≥ 2– ≤ 14

	
1 min

	
90.2

	
59.5

	
91.3

	
56.4




	
2 min

	
92.4

	
56.4

	
91.0

	
60.9




	
5 min

	
91.9

	
43.8

	
89.6

	
50.8




	
Walking

	
Lying ≤ 50, Steps > 14

	
1 min

	
78.3

	
97.8

	
70.1

	
98.6




	
2 min

	
75.0

	
97.6

	
66.7

	
98.4




	
5 min

	
44.7

	
95.2

	
32.5

	
97.1




	
Standing

	
Lying ≤ 50, Steps < 1

	
1 min

	
45.3

	
92.7

	
44.3

	
92.9




	
2 min

	
39.7

	
94.5

	
48.2

	
92.4




	
5 min

	
30.5

	
95.9

	
48.0

	
91.7




	

	
Lying index, steps, and motion index




	
Grazing

	
Lying ≤ 50, Steps ≥ 2– ≤ 16, and Motion index < 50, and

Lying ≤ 50, Steps < 2, and Motion index ≥ 2

	
1 min

	
92.0

	
60.3

	
91.6

	
61.6




	
2 min

	
94.8

	
53.5

	
90.7

	
68.2




	
5 min

	
94.4

	
36.5

	
88.7

	
55.4




	
Walking

	
Lying ≤ 50, Steps ≥ 16

	
1 min

	
74.9

	
98.5

	
77.0

	
98.4




	
2 min

	
71.4

	
98.2

	
71.6

	
98.2




	
5 min

	
38.9

	
96.0

	
33.3

	
96.8




	
Standing

	
Lying ≤ 50, Steps < 2, and Motion index < 2

	
1 min

	
47.6

	
93.7

	
50.5

	
93.5




	
2 min

	
39.0

	
96.4

	
58.0

	
92.5




	
5 min

	
25.3

	
97.7

	
58.3

	
91.3
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Table 3. Mean and range of cow lactation number and days in milk, milk production (kg milk solids/day), milking frequency, liveweight, and milking order (percentile rank) in the September and November experimental periods.
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	September
	November





	Lactation number (parity)
	3.5 (1–7)
	3.2 (1–6)



	Days in milk (day)
	261 (30–428)
	148 (102–244)



	Milk solids (kg/day)
	2.0 (0.8–3.4)
	2.1 (1.5–3.2)



	Milking frequency (time)
	1.9 (1.2–3.0)
	2.2 (1.0–3.6)



	Liveweight (kg)
	648 (514–738)
	616 (500–731)



	Milking order (percentile rank)
	51 (35–70)
	48 (20–85)
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Table 4. Correlation matrix between average predicted grazing, lying, standing, and walking time (minutes/day), cow lactation number (parity), cow days in milk, milk production (kg milk solids/day), milking frequency, liveweight, and milking order (percentile rank) in the September (S) and November (N) experimental periods. Correlations >0.5 and < −0.5 are shaded.
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	Grazing
	Lying
	Standing
	Walking
	Lactation Number
	Days in Milk
	Milk Solids
	Milking Frequency
	Liveweight





	Lying
	S: −0.83

N: −0.49
	
	
	
	
	
	
	
	



	Standing
	S: 0.49

N: −0.70
	S: −0.88

N: −0.12
	
	
	
	
	
	
	



	Walking
	S: 0.59

N: 0.85
	S: −0.49

N: −0.49
	S: 0.14

N: −0.70
	
	
	
	
	
	



	Lactation number
	S: 0.13

N: 0.20
	S: −0.06

N: −0.75
	S: 0.01

N: 0.40
	S: −0.05

N: 0.17
	
	
	
	
	



	Days in milk
	S: −0.49

N: −0.52
	S: 0.66

N: 0.19
	S: −0.64

N: 0.50
	S: −0.22

N: −0.55
	S: −0.33

N: −0.08
	
	
	
	



	Milk solids
	S: 0.52

N: 0.61
	S: −0.62

N: −0.37
	S: 0.52

N: −0.45
	S: 0.39

N: 0.60
	S: 0.59

N: 0.33
	S: −0.80

N: −0.60
	
	
	



	Milking frequency
	S: 0.51

N: 0.70
	S: −0.49

N: −0.24
	S: 0.27

N: −0.71
	S: 0.63

N: 0.77
	S: 0.36

N: 0.08
	S: −0.63

N: −0.50
	S: 0.85

N: 0.81
	
	



	Liveweight
	S: −0.32

N: 0.06
	S: 0.45

N: −0.38
	S: −0.51

N: 0.21
	S: 0.12

N: 0.22
	S: 0.52

N: 0.72
	S: 0.38

N: 0.12
	S: 0.06

N: 0.51
	S: 0.17

N: 0.29
	



	Milking order
	S: 0.20

N: −0.68
	S: −0.14

N: 0.22
	S: 0.02

N:0.73
	S: 0.32

N: −0.87
	S: 0.14

N: −0.11
	S: 0.11

N: 0.54
	S: 0.06

N: −0.51
	S: 0.02

N: −0.71
	S: −0.01

N: −0.23
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