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The first objective of this study was to compare behavioral and ear temperature changes using accelerometer ear tags (CowManager system; Sensor) during the declining progesterone (P4) phase (expected estrus) and the luteal phase determined using in-line milk P4 analysis (Herd Navigator system; HNS). The second objective was to evaluate the accuracy of each Sensor metric to detect estrus compared to HNS in a commercial dairy herd. Forty-six cows (23 young [1 to 2 lactations] and 23 mature [3 to 6 lactations]) at 20 days in milk (DIM) were fitted with Sensor tags, and P4 profiles measured via HNS until 90 DIM. Sensor metrics analyzed were Resting, Ruminating, Eating, Active, High-Active, and ear temperature (Etemp). The day of milk P4 decline below the 5 ng/mL threshold in the HNS was designated as d -1 (LSM ± SEM; 3.42 ± 0.08 ng/mL) and the day of expected estrus as d 0. Significant increases (LSM ± SEM) were observed at d 0 in Active (5.01 ± 0.14 min/h) and High-Active (8.70 ± 0.25 min/h) behavior responses as well as in Etemp (29.45 ± 0.08°C) compared with the luteal phase (Active: 4.46 ± 0.13 min/h; High-Active: 6.40 ± 0.22 min/h and Etemp: 28.69 ± 0.08°C). The greatest estrus detection accuracy (Youden Index [J: performance]) single metric was achieved using Etemp (0.24 J) followed by Resting (0.20 J) and High-Active (0.17 J) in all cows. Greater accuracy was observed in Young cows (Etemp: 0.44 J; Resting: 0.33 J; and High-Active: 0.25 J) than in Mature cows (Etemp: 0.09 J; Resting: 0.12 J; and High-Active: 0.13 J). Similarly, accuracy was greater when only healthy cows (cows with no postpartum health events) were compared (Etemp: 0.33 J; Resting: 0.31 J; High-Active: 0.20 J) to unhealthy cows (Etemp: 0.11 J; Resting: 0.02 J; High-Active: 0.02 J). The combination of behavior and Etemp metrics optimized the estrus detection accuracy in all the cows (0.30 J), Young (0.46 J), Mature (0.26 J), Healthy (0.45 J), and Unhealthy (0.11 J) cows compared to a single metric approach. Age and postpartum health affected the estrus detection accuracy using Sensor tags.
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Introduction

Estrus detection is a pivotal element of reproductive management that determines the continuity of a herd’s lactation cycle. Traditionally, the observation of sexual receptivity behavior (e.g., standing-to-be-mounted) has been used to identify cyclic cows to be artificially inseminated within 60 to 100 days in milk (DIM) to maintain an optimum calving interval, thereby sustainable dairy production (De Vries, 2006). However, visual observation of estrus behaviors is only approximately 50% accurate (i.e., estrus detection rate) in lactating cows of 60 to 100 DIM (LeBlanc, 2005).

There is evidence that physiological challenges (e.g., negative energy balance and increased rate of steroid hormone clearance) and changes in behavior (e.g., increased eating and rumination time) to cope with the greater demands of milk production during early lactation are potential reasons for low visual detection of standing estrus events (Lopez et al., 2004). Other authors attribute the deficit in estrus detection to the lack of experienced workforce needed to observe cows (Pfeiffer et al., 2020), non-optimal environments [e.g., concrete flooring (Britt et al., 1986); tie-stalls (Felton et al., 2012), and heat stress (> 25°C; Hansen and Aréchiga, 1999)] that hinder cows from expressing normal sexual behaviors. In addition, dairy herds have increased in size, in recent decades (242% in Western Canada, and 37% in Eastern Canada; Jelinski et al., 2015), making estrus detection in larger herds more difficult due to the lack of workforce to perform visual observations of estrus.

To address low estrus detection rates, technology developers and scientists have been working together to create automated technologies that can measure biological traits (e.g., physiological and behavioral changes) to determine when to inseminate cows. Automated technologies that have been developed include heat mount detectors (e.g., HeatWatch system: DDx, Inc., Denver, CO) that create estrus alerts based on mounting events (Rorie et al., 2002), reticulo-rumen temperature loggers (e.g., DVM bolus; DVM Systems, LLC, Greeley, CO) that identify cows in estrus based on expected increases in core body temperature during estrus (Burnett et al., 2020), and 3-D accelerometers (e.g., Afitag S.A.E. Afikim, Kibbutz Afikim, Israël) that record the duration of rumination, resting, and walking activity (Dolecheck et al., 2015). On the other hand, technology that measures physiological traits include in-line milk analysis (e.g., Herd Navigator™, DeLaval International, Tumba, Sweden & Lattec I/S, Hillerød, Denmark) that indicate when cows are in estrus based on milk progesterone (P4) concentrations (Bruinjé et al., 2019), volatile chemical compounds using electronic nose detectors (Sanderink et al., 2017), vaginal mucus impedance and electrical resistance (Zuluaga et al., 2008), and increases in skin temperature measured with infrared thermography cameras (Perez Marquez et al., 2019).

Most automated technologies have greater estrus detection rates (≈80%) than visual observation of estrus behaviors with minimal labor input (Sauls et al., 2017). However, the evaluation of automated technologies has been often conducted under research conditions (e.g., synchronized estrus, controlled experimental units, and small samples sizes), using standing-to-be-mounted as the gold standard (low estrus detection accuracy), and using cows beyond 100 DIM (Dolecheck, 2015). These conditions do not always represent the circumstances in which producers will use automated estrus detection technologies leaving a gap in the knowledge regarding the actual accuracy in commercial conditions.

Our objectives were: 1) to compare behavioral (i.e., Resting, Ruminating, Eating, Active, and High-Active) and ear temperature (Etemp) changes using 3-D accelerometer ear tags (CowManager system; Sensor) during the declining P4 phase (i.e., proestrus and estrus) with non-estrus periods (i.e., diestrus or luteal phase) determined using in-line milk P4 analysis (Herd Navigator system; HNS), and 2) to evaluate the accuracy of each Sensor metric to detect estrus compared to HNS in a commercial dairy herd. We hypothesized that behavior and Etemp changes (either increases or decreases) and estrus detection accuracy via Sensor can be influenced by parity, postpartum health, time of day, and between 1st and 2nd estrous cycle in a commercial dairy herd.





Materials and methods




Animals and housing

Forty-six Holstein cows (n = 46) at different parities (23 young [1 to 2 lactations] and 23 mature [3 to 6 lactations]) were used in this study following the sample size calculation using alpha (α = 0.05), power (β = 0.95), and a correlation coefficient (r = 0.60) parameters for clinical research (Hulley et al., 2013). Cows were followed from 20 to 90 DIM (early lactation) and produced 43.9 ± 9.85 (mean ± SEM) kg of milk per day during peak lactation. The study was conducted from February to October 2020 at the Lakeland College Dairy Learning Centre (Vermilion, Alberta, Canada), a 121-cow free-stall facility, that simulates a commercial dairy operation. All lactating cows in this study were milked by a voluntary (robotic) milking system (De Laval Inc.). Partial mixed ration provided in the feed bunk included corn silage, rolled barley-corn, grass hay, mineral supplements, in addition to a concentrate mixture offered at the voluntary milking system. Cows had free access to potable water, and the ration formulation was based on NRC guidelines (National Research Council, 2001) for lactating dairy cows.





Ear-tag accelerometer data collection

Behavioral traits were collected and analyzed using 3-D accelerometer ear tag Sensors (CowManager Sensor™ Agis Automatisering, Harmelen, Netherlands) placed on all 46 cows at 20 to 90 DIM (Figure 1). Sensor tags were attached to the radio frequency identification (i.e., RFID) tag located at the right ear, between the auricular cartilages, which captured data every min and sent data every 60 min using a wireless router antenna to a coordinator antenna connected to a computer. Data for the first 7 d after placement were excluded from our analysis as per manufacturer recommendation to build up a reference period. Sensor tag data are based on ear and head movements and head position, which are collected and classified into 1 of 5 behavioral traits as follows: Resting (lying-standing inactive), Ruminating (lying-standing ruminating), Eating (muzzle on feed), Active (head movements while standing), and High-Active (walking with head movements), reported as minutes of behavior per hour (min/h) and previously validated by Bikker et al. (2014); Resting [0.86 ± 0.02 Kappa coefficient (K)], Ruminating [0.85 ± 0.01K], Eating [0.77 ± 0.03K], Active [0.47 ± 0.03K], and High-Active [0.49 ± 1.17K). Complementary to the behavior metrics, Sensor tags provide ear-surface temperature (Etemp: °C) hourly, although manufacturer algorithms do not consider ear temperature to detect estrus. Raw data files were received via email from the manufacturer on a daily basis. Ambient temperature (Atemp °C) was recorded every hour (average) using a temperature logger (iButtonLink, LLC, Whitewater, WI, United States) located outside the voluntary milking system robot to identify possible associations between Atemp and Etemp and behavioral responses to Atemp changes. Estrus alerts, behavior and Etemp data were displayed using Agis CowManager (sensor.cowmanager.com) and the IOS 14.8 Smartphone CowManager App.




Figure 1 | Timeline of the study shown using the example of a hypothetical cow that had her first ovulation at approximately 20 days in milk (DIM). The first estrus event after calving, based on milk P4 decline, occurred on average at (LSM ± SEM) 56.7 ± 4.24 DIM. In-line milk samples (HNS; Herd Navigator system) began at 20 DIM and sample collection continued at approximately 2-d intervals to monitor progesterone (P4) concentrations. The day after the decline in P4 was defined as d 0 which was used to estimate the expected estrus period following the P4 decline below 5 ng/mL after being higher in the previous 2 sampling events. Three-dimension accelerometer sensor tags (Sensor; CowManager Sensor System) were placed in 46 eligible cows at 20 DIM to measure behavioral metrics and ear temperature changes at the decrease in milk P4 measured using HNS.







In-line milk progesterone analysis

Milk P4 concentrations were collected automatically via the HNS to flag the estrus occurrence. Milk samples were taken at set (≈2 d) intervals starting at day 21 after calving; however, this study evaluated the P4 concentrations at d -14, d-7, d -2, d -1, d 0, and d 4 to maintain consistency through sample collection per cow. The estrus period was confirmed in this study based on the decline in P4 concentrations (i.e., below 5 ng/mL) for 2 consecutive sampling events after being greater than 5 ng/mL. The estrus alert accuracy of HNS was previously validated (99% accuracy; 93.3% Sensitivity, and 93.7% Specificity) against visual examination of estrus behaviors by Friggens et al. (2008). Progesterone profiles and estrus alerts were displayed using the herd management software (DeLaval Delpro™, International, Tumba, Sweden). In this study, the estrus period (d 0) was defined as the day following P4 decline (d -1) in milk below 5 ng/mL as per HNS recommendations (See Figure 1). No visual mounting or standing-to-be-mounted events were observed or recorded in this study.





Statistical analysis

Data were analyzed using SAS software (ver. 9.4, SAS, Cary, NC, USA) to identify changes in behavior traits and Etemp during the estrus period (i.e., d 0) compared to the luteal phase (i.e., d -14 to d -7). The Univariate procedure was used to test the normality assumption using Kolmogorov-Smirnov test in each metric. Behavioral data did not comply with the normality assumptions, and models were fitted using a Generalized Linear Mixed Model approach (GLIMMIX procedure) with Poisson distribution specified (Note: Etemp data were normally distributed). Independent variables included Sample Day (d -21 to d 7), Sample time (0 to 23 h), Parity group (Young: 1-2 and Mature: 3-6), and estrous cycle number (1st and 2nd). Data were tested using a Type 3-test with the inverse (ilink) function specified and the ar(1) statement to account for the lack of independent and homogeneous data. All results are presented as least squares means (LSM) and standard error means (SEM) using a Bonferroni means separation test. To test the effect of Atemp on behavioral traits and Etemp, a regression analysis was performed to estimate the expected behavioral response and Etemp changes due to different barn Atemp. Differences were considered significant if P < 0.05, a tendency if P > 0.05 but < 0.10 and not significant if P ≥ 0.10. Milk P4 concentrations were analyzed using Sample Day as a fixed variable.

To evaluate the accuracy of Sensor tags to detect estrus, Receiver Operating Characteristics (ROC) curve analyses were performed using SAS software. A logistic regression procedure was used to calculate the number of cows in estrus (detected by Sensor) divided by the number of cows confirmed in estrus by HNS [Se: Sensitivity], and the number of cows detected not to be in estrus (detected by Sensor tags) by the number confirmed not to be in estrus (Sp: Specificity). In addition, a Youden J index (J) was used to identify the most optimum reference value (i.e., threshold value) with a balance Se and Sp level to determine the proportion of false positives and false negatives expected in a diagnostic test. Receiver Operating Character curve analysis was performed in all cows, parity groups (i.e., Young-Mature), cows with no postpartum disease events during the data collection (Healthy), and cows with postpartum disease events during the current lactation (Unhealthy; mastitis, lameness, ketosis, metritis, hypocalcemia, etc.). The evaluation of accuracy was performed in single behavior and Etemp metrics as well as all behaviors and Etemp combined (i.e., Resting, Ruminating, Eating, Active, High-Active, and Etemp).






Results

The P4 concentration in milk (LSM ± SEM) for all the cows in the study at d -1 was 3.4 ± 0.08 ng/mL, and the P4 peak was found at d -7 (21.8 ± 0.43 ng/mL). The first estrus event after calving, based on milk P4 decline, occurred on average at 56.65 ± 4.24 DIM, when all cows were considered. Duration of the estrous cycle between P4 nadirs averaged 24.9 ± 0.99 d ranging from 20 to 43 d. A total of 96 estrus alerts were created by HNS during the study period with no difference (P = 0.10) in the estrus alert time of day (i.e., AM – PM).




Behavioral traits

Resting (Figure 2A; P = 0.40) decreased at d 0 (13.8 ± 0.45 min/h) and d 2 (4.28 ± 0.46 min/h) compared to d -7 (15.5 ± 0.45 min/h). Ruminating (Figure 2B; P = 0.19) and Eating (Figure 2C; P = 0.98) did not differ at d 0 compared to d -7. Active and High-Active behaviors had a significant change in Sample Day behavior response duration during d 0 (Figures 2D, E). In particular, Active behavior (P = 0.01) was observed to increase at d 0 (5.0 ± 0.14 min/h) compared to d -7 (4.5 ± 0.13 min/h), similarly, High-Active (P = 0.01) increased at 24 h (d 0; 8.7 ± 0.25 min/h) and 48 h after the decline of P4 (d 2; 8.2 ± 0.24 min/h) compared to d -7 (6.4 ± 0.22 min/h).




Figure 2 | Behavioral changes in 96 estrous cycles (n=46; P < 0.05) preceding the decrease in progesterone (P4). Resting (A) behavior decreased at d 0 while Active (D) and High-Active (E) behaviors increased. Decrease in Resting and increase in High-Active continued at d 2. No behavioral changes (P > 0.05) were observed in Ruminating (B) and Eating (C) during the decline in P4 (d -1). Ear temperature (F: Etemp) increase (P = 0.01) at d 0 (decrease of Progesterone: P4) and lowest Etemp reported during the luteal phase (d -13 and d -5) in 96 estrous cycles.



Sample time had a significant effect on all behaviors (P < 0.01) as expected (i.e., changes related to the cow’s daily routine). Resting increased from 0500 to 1900 (17.2 ± 0.46 min/h) with a decrease at 1100 (14.8 ± 0.47 min/h). Ruminating increased from 0400 to 1200 (26.3 ± 0.49 min/h) and decreased from 1300 to 0300 (21.34 ± 0.45 min/h). Similarly, Eating increased late in the evening 2000 to early morning 0300 (13.40 ± 0.49 min/h) and decreased from 0400 to 1900 (9.09 ± 0.49 min/h). Active and High-Active behaviors were increased at 0300 (Active: 5.30 ± 0.49 min/h; High-Active: 8.34 ± 0.49 min/h) and at 2200 (Active: 5.28 ± 0.13 min/h; High-Active: 8.13 ± 0.22 min/h) compared to the rest of the day (Active: 4.46 ± 0.12 min/h; High-Active: 6.39 ± 0.20 min/h). In addition, parity groups differed (P < 0.05) for all behavioral traits. Young cows had longer durations of Ruminating, Eating, and High-Active behaviors compared to Mature cows (Table 1). However, Mature cows had longer Resting and Active durations compared to Young cows (Table 1). Behaviors neither differed (P > 0.10) between the 1st and 2nd estrous cycle, nor was any association found between Atemp and behavioral traits (R2 < 0.03).


Table 1 | Behavior traits (LSM ± SEM; min/h) and ear temperature (Etemp: °C) comparison between Young and Mature cows at the confirmation of the estrus period (d 0).







Ear temperature

Ear temperature increased (P = 0.01) during the estrus period (d 0: 29.45 ± 0.08°C) compared to the average of non-estrus days [d -21 to d -1; 29.02 ± 0.08°C. (Figure 2F)]. The lowest Etemp was found at d -13 (28.69 ± 0.09°C) and d -5 (28.74 ± 0.08°C). In addition, Etemp was lower during midday (1100 to 1400: 28.10 ± 0.07°C) compared to 1500 to 2400 (29.23 ± 0.07°C). Despite the Sample time effect, the increase at d 0 was greater than the other Sample Days. In addition, Mature cows had higher Etemp (29.48 ± 0.02°C) compared to Young cows (28.54 ± 0.02°C) when observed at d 0 (Mature: 29.86 ± 0.10°C; Young: 28.98 ± 0.12°C). Furthermore, the associations between ATemp and Etemp were evident (R2 = 0.54); however, despite the Atemp effect, Etemp increased at d 0 (30.37 ± 0.01°C) at similar Atemp (17.36 ± 0.02°C) compared to d -7 (Etemp 29.01 ± 0.01°C; Temp: 17.36 ± 0.02°C). No significant changes in Etemp were found (P > 0.10) between estrous cycles (1st and 2nd).





Estrus detection evaluation

Reference values for each behavior and Etemp, and the corresponding Se, Sp, and J index are presented in Table 2. The greatest accuracy based on J index was achieved by Etemp (0.24 J) followed by Resting (0.20 J) and High-Active (0.17 J) when ROC curve analyses were performed for all the cows in the study. Differences between Young and Mature cows were noted in accuracy. Overall Young cows had greater estrus detection accuracies (Resting: 0.33 J; High-Active: 0.25 J; Etemp: 0.44 J) compared to Mature cows (Resting: 0.12 J; High-Active: 0.13 J; Etemp: 0.09 J). In addition, when Unhealthy cows (n = 12) were removed from the ROC analysis, the accuracy of all traits increased despite the parity group (Resting: 0.31 J; High-Active: 0.20 J; Etemp: 0.33 J, See Table 2). Accuracy of estrus detection increased when ROC curves were generated using the combination of behavior and Etemp metrics for all cows (0.30 J), Young (0.46 J), Mature (0.26 J), Healthy (0.45 J), and Unhealthy (0.11 J) cows (Figures 3A1 to 5) compared to the individual metrics of Resting (Figures 3B1 to 5), High-Active (Figures 3C1 to 5), and Etemp (Figures 3D1 to 5) for the corresponding groups.


Table 2 | Accuracy evaluation (ROC- curve analysis) results from all behaviors and ear temperature (Etemp) in 96 estrus events (2 estrous cycles per eligible cow).






Figure 3 | Receiver Operating Characteristics (ROC) curves for the combination of behavior and Ear temperature (Etemp) metrics (A) or for Resting (B), High-Activity (C), and Etemp (D), individually, presented for all cows (1), Young cows [2], Mature cows [3], cows with no postpartum health events [Healthy (4)], and for cows with at least one postpartum health event [Unhealthy (5)] during the current lactation. Greater accuracies (Sensitivity, Specificity and Youden J index) were evident when the metrics were combined (A1 to A5).








Discussion

The objectives of this study were to compare behavioral traits and ear temperature changes using 3-D accelerometer ear tags that corresponded with the decline in P4 using HNS and to evaluate the accuracy of each Sensor metric to detect estrus compared to HNS in a commercial dairy herd. We found that locomotory behaviors (i.e., Active, and High-Active) and ear temperature increased during the estrus period (d -1 to d 0) compared to other days of the estrous cycle (d -14, d -7, and d 4).

The decrease in Resting behavior observed at d 0 and d 2 compared to non-estrus days is inversely proportional to the increase in Active and High-Active behaviors observed at d 0 as observed by Stevenson (2021). Resting behavior was defined as lying-down or standing with no head-ear movements by Bikker et al. (2014), which means that an increase in other behaviors (e.g., Active and High-Active) should result in decreased Resting. The increase in restless movements (e.g., mounting or attempting to mount behaviors) during the onset of estrus have been widely reported in the scientific literature as secondary signs of estrus (Van Vliet and van Eerdenburg, 1996; Kerbrat and Disenhaus, 2004; Sveberg et al., 2011). The CowManager system is not configured to measure mounting events since the 3-D accelerometers measure behaviors based on the position or orientation of a sensor placed on a cow’s ear when it is moved relative to an inertial system (e.g., earth; Haslwanter, 2018). Sensors can measure the frequencies of ear and head movement while walking, which suggests that secondary estrus behaviors like mounting involve walking and head-ear movements observed at lower frequency during non-estrus periods than the estrus period. In addition to mounting behavior, other accessory sexual behaviors associated with head-ear movements could be vulva sniffing, urine sniffing and female-to-female chasing, frequently found prior to standing-to-be-mounted in Bos taurus (Price, 2008).

Active and High-Active increases (d 0) did not perfectly align with the decline in milk P4 at d 0 (24 h prior to the increase of Active and High-Active). The ≥24 h delay in the onset of increased activity was expected because the mean interval from induction of luteolysis to the onset of peak activity in dairy cows was 71 ± 17 h (Valenza et al., 2012), whereas the interval between plasma P4 decline and the occurrence of ovulation has been 24 to 48 h (Perez Marquez et al., 2019). The HNS recommends inseminating eligible cows 36 h after milk P4 decline triggering an estrus alert (Bruinjé et al., 2017) compared to the interval between activity increases and ovulation of ≈28.7 h (Valenza et al., 2012) which coincides with the onset of standing-to-be-mounted prior ovulation (28-30 h; Roelofs et al., 2005). In contrast, Ruminating and Eating did not change relative to the P4 concentration as other studies reported using 3-D accelerometers (74 min/24 h reduced rumination than base level: Reith and Hoy, 2012; 84 min/24 h reduced rumination than base level and 58 min/24 h fewer eating time than base level: Pahl et al., 2015). The differences in Ruminating and Eating could be attributed to the difference in 3-D accelerometer manufacturer (e.g., neck collar sensors compared to ear sensors), the stage in lactation (lower feed intake and rumination during early lactation [20 to 90 DIM] compared to >100 DIM in Pahl et al., 2015), and behavior data unit recorded (e.g., min/h compared to min/24 h, Dolecheck et al., 2015; Stevenson, 2021).

The changes in behavior responses per sample time observed may be related to the dairy cow’s circadian rhythm and the nature of Bos taurus behavior. Lactating dairy cows are often milked at 12 h intervals AM and PM, which can influence cow behavior during the day. However, in this study, cows were milked via voluntary milking system, which implies that the time of milking is voluntary. In particular, Resting increased between 0500 to 1900 with a decrease during 1100 which implies that cows were lying down or standing idle, which coincides with Bos taurus crepuscular activity (i.e., most active at the sunrise and sunset) and preferences to be active during cooler temperatures (Jensen, 2017). Crepuscular behavior of cattle may also explain the increase in Active, High-Active, and Eating behaviors early in the morning (0300) and late at night (2200). In addition, rumination time increased from 0400 to 1200 (6 to 8 h per day, Jensen, 2017). The differences observed between Young and Mature cows (longer Ruminating, Eating, and High-Active in Young cows compared to Mature cows and longer Resting and Active in Mature cows compared to Young cows) were similar to reported feed intake and rumination activity (Maekawa et al., 2002; Kowsar et al., 2008) which could be attributed to the morphological attributes of younger animals such as smaller rumen size, body weight, and body size compared to Mature cows.

The Etemp was observed to be higher at d 0 (29.45 ± 0.08°C) compared to any other Sample Days, and the minimum Etemp reported during the estimated luteal phase based on P4 profiles (d -14: 28.69 ± 0.09°C; d -7: 28.74 ± 0.08°C). The increase of Etemp could be associated with the increase of body movement (e.g., walking, head-ear movements, and mounting prior ovulation, Walton and King, 1986). However, the increase in High-Active and Active behaviors were observed 24 h after (d 0) the increase of Etemp (d -1). Another study suggested that the elevated presence of estradiol expected at the decrease of P4, as well as the GnRH and LH response during estrus could be associated with the increase of temperature in dairy cows (Talukder et al., 2014). Furthermore, increases in skin temperature using infrared thermography at different body locations (e.g., eyes, neck, vulva, flank, and rump) of dairy cows have been reported 48 and 24 h before the decline in P4 concentrations (<3.17 nmol/L in plasma; Perez Marquez et al., 2019). Other research studies using the same accelerometer (Sensor tags) found increases in ear temperature during the estrus period (24.17°C ± 1.2°C) compared to non-estrus days (23.0 ± 1.20°C); however, the differences were not significant (P = 0.20) most likely due to the smaller degrees of freedom in that study (df = 17: Dolecheck et al., 2015) compared to this study (df = 95). Similarly, Dolecheck et al. (2015) found significant increases in temperature during estrus (0.43°C) compared to non-estrus periods using reticulum-rumen bolus temperature logger (i.e., DVM bolus) with similar results presented in this study (0.43°C) using Etemp.

Factors affecting Etemp measurement were sample time and parity groups (i.e., Young and Mature cows). Ear temperature was observed to be higher during the afternoon and the morning (29.2 ± 0.07°C) compared to midday (28.1 ± 0.07°C) when the ambient temperature is expected to be the highest. The temperature increases between the morning and evening coincided with an increase in Active, High-Active, and Eating behaviors which coincided with crepuscular activity expected in Bos taurus. In addition, increases in Etemp could be attributed to heat production after feeding intake due to metabolism (e.g., protein synthesis and energy intake) demonstrated to increase body core temperature (Kyle et al., 1998). No feed intake data or metabolic data were collected in this experiment. Younger cows had lower Etemp overall (28.54°C ± 0.02) compared to Mature cows (29.48°C ± 0.02) as well during d 0 (Young: 28.98 ± 0.12°C; Mature: 29.86 ± 0.10°C) regardless of higher activity observed in Young cows compared to Mature cows at d 0 (Young: 7.39 ± 0.06 min/h; Mature: 5.50 ± 0.05 min/h). The higher Etemp in Mature cows may have been associated with greater body weight, increased feed intake, and possibly higher blood volume compared to Young cows, although body weight, feed intake, and blood volume were not determined in this study.

Additionally, Etemp were positively correlated with the Atemp inside the dairy barn (R2 = 0.54) during the study timeline. The current study was subjected to changes in Atemp due to the seasonality effects (e.g., colder temperature during winter compared to summer). It was expected that body core temperatures in dairy cows would fluctuate according to ambient conditions depending on coat, subcutaneous fat, and metabolic rate if exposed to critical temperatures (e.g., critical low -5°C; critical high 25°C, Knızkova et al., 2002). Although the critical warm temperatures were reached several times during the summer (>25°C), the highest Etemp registered did not coincide with the highest summer Atemp, rather with the decrease in P4 (d 0: 30.37 ± 0.01°C).

Our second objective was to evaluate the accuracy of each parameter measured with Sensor compared to the decrease in P4 as an indirect sign of estrus for all the eligible cows in a commercial dairy herd. This study found increases in activity behaviors (Active and High-Active) and skin temperature at the ear (Etemp) during the decrease of P4 that indicate the occurrence of estrus confirmed by obtaining the most efficient reference value (i.e., cut off value). The evaluation of each behavior and ear temperature was completed using the balanced contribution of true estrus positives (i.e., sensitivity) and true estrus negatives (i.e., specificity) represented as a performance index (i.e., Youden J Index). In particular, the proportion of true estrus positives represents the ability of each parameter to detect estrus (i.e., estrus detection rate) with the minimum number of false positive alerts possible (e.g., the proportion of true estrus negatives not flagged using a particular cut off value) which indicates the accuracy of a parameter measured by Sensor with a given cut off value. In this study, Etemp was found to be the most accurate parameter to flag eligible cows in estrus (76% Se, 48% Sp, 0.24 J), followed by Resting (47% Se, 74% Sp, 0.20 J) and High-Active behaviors (66% Se, 52% Sp, 0.17 J). Other studies had reported greater accuracies for ear accelerometer tags (100% CowManager system: Dolecheck et al., 2015; 97% SMARTBOW system: Schweinzer et al., 2019) compared to our results in dairy cows under hormone-based ovulation synchronization treatments. The accuracy differences observed using similar equipment could be related to the absence of hormone treatments and the DIM when the cows were monitored (20-90 DIM). Some studies indicate estrus detection is difficult during the first 100 DIM due to physiological demands placed on lactating cows after parturition (e.g., increasing milk production, negative energy balance, Butler, 1998; Lopez et al., 2005). Nevertheless, the current study aimed to evaluate the accuracy of Sensor tags during the most economically sustainable period (60 to 100 DIM; De Vries and Conlin, 2003), in all the eligible (i.e., non-pregnant) cows in a commercial dairy herd.

Some of the factors affecting the accuracy of Sensor were the parity group and the postpartum health events of the eligible cows during the study period. Young cows had greater accuracies compared to Mature cows. Accuracy differences by parity could be associated with the difference in high active behavior expression in Young cows (7.39 ± 0.06 min/h) compared to Mature cows (5.50 ± 0.05 min/h), also found using other accelerometer technologies (e.g., Heatime and Boumatic; Madureira et al., 2015) as well the minimum cut off value used to differentiate estrus and non-estrus (Young: 3 min/h compared to Mature: 1 min/h). The potential reason for less high active behaviors in mature cows could be attributed to the larger body mass compared with younger cows and possible previous injuries impacting the locomotory system (e.g., lameness). Another risk factor associated with the accuracy of results was the prevalence of clinical disease (e.g., mastitis, metritis, lameness, leukosis) in some of the cows (n = 12) during the study period. When cows with postpartum health events were removed from the accuracy evaluation analysis, the overall performance index (Youden J Index) increased for all the traits measured. In particular, Etemp sensitivity increased up to 93%, which was the highest estrus detection rate achieved by Sensor in this study. The increased accuracy when removing cows with clinical cases may be because of the increase in Etemp due to fever associated with disease and inflammation. Similarly, the presence of fever could negatively affect the expression of normal behavior during estrus and non-estrus periods. The combination of behavior and Etemp increased the accuracy of evaluation in all cows, Young vs. Mature cows, and healthy vs. unhealthy cows, demonstrating that a multi-metric approach reduces the false-positive and false negative proportions in an estrus alert. Results indicate that combining all Sensor metrics (ear temperature plus activity behaviors) increases the accuracy of estrus detection during the most economically efficient period (<100 DIM) to inseminate lactating dairy cows in a commercial free-stall herd, although estrus detection efficiency was greatest only in cows with no history of postpartum illness.





Conclusions

This study found that activity behaviors and ear temperature increased following milk P4 decline preceding the estrus period compared to other days of the estrous cycle. The factors that affected behavior responses and ear temperature were time of day, postpartum health events and parity group. Greater activity was found in young cows than in mature cows, however, mature cows had higher ear temperature compared to young cows. Ear temperature, Resting and High-Active had the highest accuracy to detect estrus. Accuracy increased if only young cows or only healthy cows were analyzed using Ear temperature, Resting and High-Active behaviors. Furthermore, when activity behaviors and ear temperature were combined, in all cows, the accuracy of estrus detection increased. We conclude that parity group and postpartum health events affect the accuracy of estrus alerts using 3-D accelerometer ear tags.
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Ruminating Young 3 26% 87% 0.13
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Healthy 5 73% 47% 0.20
Unhealthy 8 40% 62% 0.02
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'Sub-groups: grouping factors affecting accuracy to detect estrus.

*Rvalue: Optimum reference value (threshold; min/h) to declare true positive or true negative occurrences.
*Se: Sensitivity (true positives).

'Sp: Specificity (true negatives).

*J: Youden Index (diagnostic performance).
SCombination of metrics: Resting, Ruminating,

ing, High-Active and Etemp.
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