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Estrus and calving are two major events of reprodadhat benefit from connected devices
because of their crucial importance in herd ecoosmand the amount of time required for
their detection. The objectives of this review &wel) provide an update on performances
reached by sensor systems to detect estrus and calving time; 2) discuss current @conomic
issues related to connected devices for the management of cattle reproduction; 3) propose
perspectives for these devices. The main physicébgiarameters monitored separately or in
combination by connected devices are the cow agtibody temperature and rumination or
eating behavior. The combination of several inditsatin one sensor may maximize the
performances of estrus and calving detection. Aortefemains to be made for the prediction
of calvings that will require human assistance f@lyis). The main reasons to invest in
connected devices are to optimize herd reprodug@réormances and reduce labor on farm.
The economic benefit was evaluated for estrus tlete@and depends on the initial herd
performances, herd size, labor cost and price e@ftfuipment. Major issues associated with
the use of automated sensor systems are the weigfmancial investment, the lack of
economic analysis and limited skills of the usersnanage associated technologies. In the

near future, connected devices may allow a prgaiwaotyping of reproductive and health
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traits on animals and could help to improve animealfare and public perception of animal

production.

Keywords (5 max): estrus — calving — —monitoringrediction - sensor

Cattle reproduction ensures meat and milk prodoctiogether with herd replacement.
Reproductive events have to be precisely monittwathprove both the management and the
economic performance of cattle herds. Estrus ahdngaare the most sensitive steps: they
require time for their detection and once detectedcial decisions, including insemination
and human intervention for newborn delivery, havebé made. There is evidence that the
sensitivity of estrus detection by visual obsem(3 periods of 20 minutes each, every day)
of behavioral signs is limited (50-60%) [1-3]. Fhetmore, the visual detection method is
made more challenging by the short duration anditd@nsity of estrus signs in modern dairy
cows , the increasing herd sizes and the limitedlawility of labor time per cow [4-6]. These
two last factors have also probably contributedht® increase in the prevalence of dystocia
and stillbirths in dairy cattle. In Holstein daicpws in the USA, the proportion of calvings
with a calf born dead at term or dying 24 h aftethbis high, around 8%, and the rate of

calvings considered dystocic reaches almost 149.[7-

In that context, sensors, i.e. devices measuripdyaiological or behavioral parameter of
individual cows and enabling automated, on-farmeci&n of its changes (also called
“connected devices'Tigure 1) [10], are potent tools for estrus and calving agament in the
field (figure 2). The objectives of this review \eeto: 1) provide an update on performances
reached by sensor systems to detect estrus anohgdiing 2) discuss current economic
issues related to connected devices for the marageai cattle reproductior8) propose
perspectives for these devices. Sensors measunysaological parameter on animals but

with yet no automated data transmission, such esnidl cameras, estrus patches or blood
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assays, were considered off topic. In additionpnatéeld data may be available for some of

them, only connected devices supported by publiskeshtific data are being reviewed.

Perfor mances of connected devices

Connected devices, are, like diagnostic testsachanzed by their sensitivity, specificity,
positive predictive value (PPV) and negative prizdicvalue (NPV). Nevertheless, the
criteria on which the diagnostic value is to be lexged may vary according to the
practical objective of the device. For calving tiprediction, sensors with high sensitivity
(i.e. expressed by a high proportion of cows) aefepable with the trade-off of more
false alarm (low specificity), in order to avoid rhan absence during calving needing
assistance. The devices are also expected to beglofNPV (i.e. a high proportion of
cows who do not express the monitored sign andotl@alve during the 12 coming hours
for example), for the farmer to limit surveillanespecially at night. For estrus detection, a
confirmation of estrus (by visual observation of/gibal signs) is often performed before
Al: in that case, the sensitivity of sensors is enmnportant than its specificity since in

case of false positive, the Al will not be perfodne

|.1 Estrus detection

I.1.1. Physiological modifications at estrus

Estrus in cows is associated with several behavaéora physiological changes, yet
with high variability between females due to enmitental, herd and cow factors [6]. On the
endocrine level, estrus is preceded by luteolysisa rapid drop in milk and blood
progesterone concentration. An average interv80Ddi was found between the drop in milk
progesterone level below 5 ng/ml and ovulatioractdting dairy cows, however this interval
was highly variable between individuals, rangingnir54 to 98 h [11]The unique estrus-

specific behavior is the standing-to-be-mountedaladr. However, this behavior is
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expressed by only approximately 60% of housed modairy cows [4, 5]. Mounting
behaviors, although not estrus-specific, were reloio be more frequent than mounting

acceptance behaviors during estrus and were regttodeccur in 90% of estrus periods in

cattle [5]. The global activity of the cow, definad the number of steps or the total number of

animal movements, is also increased during edResorded thanks to pedometers in
Holstein cows housed in a free stall, number gisttarted to increase on average 29 h,
ranging from 22 to 39 h, before the time of ovaat[12]. However, up to 10% of lactating
dairy cows do not exhibit any increase in actiagfore ovulation [13]. In parallel to this
increase in activity, the body temperature trartgiencreases of around 0.3°C-0.4°C at the

time of estrus compared to the luteal phase, ih bokd and hot seasons [14, 15].

Connected devices designed for estrus detetctbased on the monitoring of these

behavioural and/or physiological parameters comsitiseparately or combined.

[.1.2. Monitoring of the standing-to-be-mounted behavior

The standing-to-be-mounted behavior may be detdntedrump-fixed pressure sensor with
radiotelemetric transmission of mounting data (iade under the name HeatWatch® DDX
Inc., Denver, CO). Overall, the reviewed performemof HeatWatch ranged from 37 to 94%
for sensitivity (defined as the rate of correctbtetted estrus periods among all estrus
periods) and from 77 to 100% for predictive postiralue (PPV, defined as the rate of

correctly detected estrus periods among all eméteds) [16, 17].

Comparison between Heatwatch and visual observédioestrus detection gave discordant
results, probably due to differences in breedsmaadagement systems. In beef heifers kept
outdoors, no difference was evidenced between Heabhwand a twice daily observation [18].
Compared with thrice daily visual observations a@irg cows, the efficiency of estrus

detection using Heatwatch was reported to be I¢h&ror higher [1] on pasture, and
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equivalent [20] or higher [1] indoors. Moreover,dt@atch sensitivity and PPV were found
lower in housed dairy cows than in pastured cowt false positives due to the pressure of
the device against side bars of individual cubialesoused cows [1]. Furthermore, it has
been reported that patches could come off or becbspdaced during mounting, resulting in

missed data [19].

Another system, developed in New Zealand, deteotsnting acceptance thanks to a
traditional pressure-sensitive device (such as Kandut with an automatic camera-
recognition of its status (either missing, not-zatiéd, or activated) at every milking session
[21]. The sensitivity of this camera-based systems wsomparable with that of visual

observation or Heatwatch but the PPV was sliglotiyelr [21].

A new approach to identify estrus behaviors magdse positioning in space using ultra-
wideband (UWB) radio technology [22]. Indoor, UW&hnology can record positioning of a
mobile unit with centimeter accuracy in the horitadrand less than 30 cm vertically. The
analysis of 3-dimensional positions of 12 dairy samith synchronized estrus and housed in a
free-stall barn allowed the detection of both mowmtaind standing-to-be-mounted behaviors
during estrus. Based on both behaviors, only olse faositive out of 10 alerts was obtained
[22]. These preliminary findings require confirntatiin a larger number of animals and under

various housing conditions.

1.1.3. Monitoring of global activity

Automatic activity monitoring systems (AAMS) fortass detection consist in pedometers,
neck-collar mounted activity-meters and 3D-acceteters attached to the leg or the neck
[16]. AAMS have been extensively tested in comnaricidoor dairy farms [2, 3, 23, 24] as

well as in pastured production systems [25-27]dralr tperformance for automated estrus

detection has been reviewed [16, 17, 28]. Usind il blood progesterone serial assays as
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gold standard to identify the occurrence of esttius,sensitivity of AAMS ranged from 59 to
94%, their specificity from 90 to 100% and theinPirom 36 to 92% (Table 1) [2, 17, 25-27,
29, 30] . Compared with the visual observationg(3 times a day, 10-30 min/observation) of
estrus behaviors, AAMS were reported to be of eait [31] or higher [2, 3, 32] sensitivity,
with less false positives [2, 3, 32]. In farms wderows are equipped with AAMS, the
usefulness of maintaining visual observation torionp estrus detection rate is questionable.
When both AAMS and visual detection were used iralpel, the sensitivity was higher than
with AAMS alone but the PPV was decreased [3, 32hot modified [2]. Few studies
evaluated the relative performance of various AAMSices in the same animals [2, 24, 33,
34]. From those studies, no clear conclusion canrdsched regarding differences in
performance between collar- and neck-mounted acrekters.

A wide range of factors influencing the performanteonnected pedometers and
accelerometers for estrus detection, including oatlogical, technical or biological factors,
have been identified and recently reviewed [17¢oAstant methodological factor of variation
among studies is the way a true estrus is defiredinstance, taking the visual observation
of behavioral signs of estrus or the day of insextiom to define a true estrus episode will
underestimate the rate of silent ovulations ancgea less false alarms than the use of serial
milk or blood progesterone measurements, which gikediable indication of ovulation [17,
28]. Regarding the technical aspects of the deytbes period, the time window for activity
measurement and the threshold used in the algotdhdefine an increase in activity as
indicative of a true estrus consistently impactgbgormances of AAMS [12, 26, 29, 35].
Default thresholds values and algorithms are afetrby manufacturers in marketed devices.
Lowering the activity threshold, when possible, nregrease the efficacy of detection but

with the trade-off of more false positives, resugtin a lower specificity [25, 30].



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

In addition, numerous biological factors known exiease behavioral expression of estrus
also affect the performance of AAMS. These incltiderank of postpartum ovulation, the
poorest performance being recorded at the firsipaosim ovulation [24, 27}he milk yield
and peak milk production, a lower sensitivity beregorded with high-producing compared
with low-producing cows [2, 24, 2;7fhe body condition score (BCS), cows with high&3
at the time of estrus being more likely to be diet@¢2, 3, 27]the parity, in that the

sensitivity was lower with cows in their third thamtheir first lactation [24]the uterine
health, cows with no uterine infection being makelly to be detected [274nd lameness, in

that AAMS displayed a lower sensitivity in male eompared with non-lame cows [2, 30].

1.1.4. Monitoring of body temperature

Using a vaginal temperature sensor, the detecaitms were 96% and 93-100% for natural
and synchronized estrus, respectively, and wellgehitpan or equal to those obtained with a
pedometer [15]. Temperature sensors placed indiws’s reticulum as permanent bolus are
currently marketed for early detection of healtblpems. Besides helping in health
management, these devices could also be used toumpeat detection. The diagnostic
values of such devices for estrus detection reueeific study. Clearly, the specificity of
such tool in different seasons, environmental teatpees and in case of transient fever has

still to be evaluated for estrus detection.

[.1.5. In-line monitoring of milk progesterone
The Herd Navigatosystem (HN; DeLaval, Tumba, Sweden) automatically collects milk
samples at milking robots or parlours to analyzmpsterone, lactate dehydrogenase and
beta-hydroxybutyrate to detect estrus, tissue damaagd metabolic disorders, respectively.
When tested experimentally for estrus detection,débi¢cted 99% of confirmed estrus (for

which an Al resulted in a pregnancy) and 93% afieak estrus (defined by a progesterone
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profile matching that of confirmed estrus) withpeesificity of 94% [36]. An average heat
detection rate of 95% was later confirmed in conuiaherds in Denmark [37]. However,
not much has been published on the field performaf¢iN system.

|.1.6. Combined indicatorsto detect estrus

In housed dairy cows, the efficacy of estrus deiacvas enhanced by combining an AAMS
with an automated pressure-sensing device [31]ir avtraditional heat patch [2] compared
with each system alone. Nevertheless, in pastumgstéin cows and heifers, the combination
of activity and rumination data analysis generatenle false positive alerts than activity
alone [30]. Beyond a reliable demonstration ofetshnical benefit, the multiplication of
sensors in animals may not be economically sudina

Another more promising approach is the use of aatethtechnologies monitoring several
parameters at the same time. Applying machine-legitiechniques to data collected by
various AAMS in lactating cows, the best performafar estrus detection was obtained with
either four continuously recorded behaviors (attjwiesting time, rumination and feeding
times) or the combined number of steps, lying bant lying time collected with
accelerometers (Table 1) [14]. However, these ddii@ined from a limited number of

animals, require confirmation.

[.2. Calving detection

The detection of calving time has several objestiy#) to predict the day before or the actual
day of calving which allows to move the prepartatieow to an individual maternity pg(2)

to facilitate human surveillance and interventioer good conditions of hygiene and ensure
better management of colostrum intake for calvescaif adoption for lactating cows. Thus,
the first signal of a connected device for calviinge prediction should ideally be delivered

before the second stage of parturition, i.e. betfloeeamniotic sac appears at the vulva,
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because moving a cow just before or during its Estpa can extend the time of delivery [38].
A further objective is to be warned of the onsethef calf expulsion and, ideally, of the
necessity or not to assist the parturient cow.ciadirs providing alerts over different time

windows before calving, from a day to a few hoarg, thus useful for calving management.

1.2.1. Pre-calving physiological modifications

Numerous behavioral changes have been associatedmimpending calving,
including restlessness, isolation from the reshefherd, an increased number of
lying/standing transitions and the repeated risihthe tail [39-42]. A decrease in the time
spent lying together with an increase in the nunabdying bouts were generally recorded
over the last one to seven days before calvingdB]3Thanks to pedometers and
accelerometers, it was recently established tlesietichanges generally increase in frequency

and peaked in intensity during the last 6 to 12foke the start of labor [43, 45, 48].

Eating and rumination behaviors also change befaleng. Evaluated with a
noseband pressure sensor, the time spent eatmepsta decline as early as 10 days
prepartum and were minimal on the day of calvir@g].[Rumination duration decreases also
close to the start of calving in both pasture-bd58¢and confinement [46, 48, 49, 51-53]
systems, with an abrupt decrease of 20-57% ovdat® to 10 h before delivery [46, 48,
54]. However, depending on the device used, housingitions and herd management
systems, a high variability in prepartum behavias be observed between studies [46, 50].
In addition to behavioral changes, a gradual dndpody temperature of a few tenths of a
Celsius degree is exhibited by both primi- and ipalbus cows about 2 days before

parturition [55-57].

Connected devices currently marketed for calvingat®n include accelerometers detecting

changes in global activity, inclinometers detectiaifjraising, temperature sensors and



218 devices inserted into the vaginal cavity or attacteethe vulva to detect expulsion of fetal
219 membranes and calf [58]. Rumination sensors iiyt@signed to detect health troubles were

220 also recently evaluated for their ability to predialving time.

221

222 |.2.1 Monitoring of activity

223 Activity monitoring devices initially developed tietect estrus were recently used for an
224 automatic real-time and quantitative evaluatiopref-calving behavioural modifications in
225 dairy cattle [43-45, 47, 48, 50, 59, 60]. The contius monitoring of lying bouts and lying
226 time, alone or combined, allowed to predict calvinge within the next 6 to 24 h but with
227 high rates of false negatives and false positizesnsitivity of 58% and a specificity of 61%
228 were recorded [48]. By developing an activity inaexnbining the number of steps, lying
229 bouts and standing time, the calving time of Hafstiairy cows and heifers could be

230 predicted a average 6 h before its occurrence (from 2 h to 14h15; more than 4 h in 76% of

231 cows) [45]. Using the same device and applyingetidiéferent machine-learning techniques
232 to the continuously recorded numbers of stepsglpiouts, lying and standing times during
233 the 21 prepartum days, the actual day of calvindccbe predicted with high accuracy in
234 Holstein dairy cows (78-89% sensitivity, 94-98% apeity and 42-73% PPV and 99% NPV)

235 [46].

236 Automated image analysis is also a promising toaldtect prepartum behavioral changes
237 (standing, lying, eating and drinking): in a praxffeoncept study on eight cows placed in
238 individual maternity pens, 85-87% of calvings wpredicted within 24 hours of their actual

239 occurrence [61].

240 1.2.2. Monitoring of rumination and eating behaviors

10
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Numerous commercially available data-logging tqotdlar-mounted microphone, noseband
pressure sensor or 3D-accelerometer) with telemeé#iia transmission were used to monitor

dairy cattle feeding and rumination behaviors befmalving [46, 48-54, 62].

While the benefit of measuring eating behaviortfa prediction of calving still needs to be
evaluated in cattle, the performance of automaiedmation sensors was recently evaluated
for this purpose in dairy cows [46, 48, 50]. Usangollar consisting of an accelerometer and a
microphone, a threshold of 10% decline in rumirmatime gave the optimal combination of
70% sensitivity and 70% specificity to detect tlagy thefore calving in pasture-based dairy
cows [50]. Using the same collar and applying thmeehine-learning techniques, the day of
calving could be predicted with 44-78% sensitidtyd 89-95% specificity in housed dairy
cows, but with a high number of false positives\(RIP 26-33%) [46]. Thanks to a 3-
dimensional accelerometer attached to the eamdgl@signed to monitor rumination, the
start of calving was best predicted within 6 hWwiih a poor performance (63% sensitivity

and specificity, and only 11% PPV) [48].

1.2.3. Monitoring of body temperature

For purposes of calving prediction, the charadierfgepartum drop in body temperature has
been successfully measured by a data-logging ajpisanath telemetric transmission placed
either in the vagina [48, 56, 63] or in the reteculmen [57, 64] in both beef and dairy cows.
Changes in intra-ruminal temperature may be diltficuinterpret because of the drop
following each water intake [65]. However, in twalependent studies, analyses conducted
with all data or with the exclusion of temperatuadues below 37.7°C, i.e. altered by water
intake, gave similar results [57, 64]: an averaggpadf at least 0.33°C was detected over the

last two days before parturition [57, 64].

11
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A very limited number of studies evaluated the penfance of the automatic measurement of
body temperature to predict a calving within th&tri#l h or less [48, 56, 57]. Based on
vaginal temperature, the best indicators of calvuityin the next 24 h in dairy cows were a
cut-off drop of more than either 0.3°C (62-71% s@nty and 81-87% specificity) [56] or
0.1°C (74% sensitivity and specificity) [48]. Usitige reticuloruminal temperature, the best
test performance to predict calving time withini2# dairy cows was achieved with an
average drop ot 0.2°C (69% sensitivity and specificity) [57]. loth anatomical areas,
increasing the temperature threshold led to fealsefalarms (higher specificity) but lower
sensitivity (lower proportion of animals exhibititige sign), thus a higher proportion of
animals that would be missed [56, 57]. For botrangg the prediction of calving within the
next 12 h gave slightly more false alarms thanedigtion within the next 24 h (specificity of
69% and 64% for the vagina and reticulorumen, retspy)[48, 57]. A limitation of vaginal
temperature sensors is that they have to be imksattieast 10 days before the expected start
of calving for a correct determination of baseMatues. Beside the risk of vaginal
inflammation, this delay may be difficult to respeegarding the variability in pregnancy

duration in cows [66].

|.2.4. Combination of measurements

Combining several indicators may maximize the pennce of calving prediction in cows.
When the data from rumination time and global afsti{collected by a collar-mounted
accelerometer) were combined with lying and stagdictivities (lying bouts, lying time,
number of steps and standing time collected eganiounted accelerometer) and analyzed
using the machine-learning neural network analys&, performances reach their maximal
values, with a sensitivity of 100%, a specificifydd %, PPV of 60% and NPV of 100%,

when compared with each set of data considereck g46}. Accordingly, the combination of

12
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lying/standing activities with vaginal temperatared rumination time (all automatically
measured thanks to three different devices onaheegairy cows), gave the best results to
predict parturition within the next 6 to 24 h comgxhto each indicator considered
individually [48]. However, as stated above, mujtipg sensors on animals is not cost-
effective. A single accelerometer attached at #reag which monitors activity, rumination
time, feeding time and ear temperature on an hdadys was recently evaluated on 400 dairy
cows for its ability to predict the start of calgif67]. As expected, the inclusion of these
parameters, especially activity, rumination andgerature, improved the accuracy of
prediction compared to a prediction based onlyhenetxpected date of calving [67]. With a
fixed false positive rate of 1% (specificity of 99%he model developed allowed to predict
42% of calvings within a time-window of 3 h and 49¢thin 6 h [[67]. Overall, the best
combination for a prediction of calving within asshtime-window (less than 6 h) included
body temperature, rumination time [48, 67] anddybouts [48]. This highlights the fact that
the performance of a given indicator varies wighpattern of change and with the time
interval chosen to define the alarm threshold.Harrmore, parameters like rumination time
and lying bouts change abruptly in the last 6-I&fore expulsion whereas the global activity
begins to change earlier [48, 67]. This emphaghxepotential benefit of combining several

parameters to provide long-term or short-term atarm

|.2.5 Automated detection of calf expulsion

Vulvar devices detecting expulsion have to be satwo the vulval lips of pregnant females
close to the calving date. A first part is sutuoedthe left side of the vulva while a smaller
mobile part is sutured on the right side [68, @%le engagement of the calf in the birth canal
separates the mobile part from the rest of thecdeand activates a radiowave signal, which
triggers, via a receiver-transmitter apparatusstereding of a text message to a mobile phone.

Tested on Holstein cows and heifers in a confindregstem, the sensitivity and the PPV

13



314 were 100 and 95%, respectively [68]. A GPS recenas added to the device in order to

315 localize the parturient cow in extensive grazinggar[69]. Evaluated in a limited number of
316 animals (18 dairy and 8 beef cows), the sensitiartgt PPV of the GPS-localizing system

317 were 100% and the geographical coordinates of ¢heatting female were correctly

318 transmitted for all cases expect one [69]. Nevéeti® since they only detect the second stage
319 of labor, these devices do not fill the first oltjee of calving prediction mentioned above,

320 thatis to be warned before the onset of parturitiobe able to move the cow into a calving

321 pen.

322

323 1. Economic issues of connected devicesfor cattle reproduction
324 [1.1. Motivationsto invest

325 Among 832 Canadian dairy farmers, 23% used an AAKE 10% used it as their main tool
326 for reproduction management for both first and sglignt inseminations (96% of the users
327 applied AMMS to cows, 27% to heifers [70]). Conmettievices may be more widely spread
328 in Europe than in other continents due to high eyge wages, relatively high prices for
329 hormonal preparations, growing societal concerganding the use of hormones in animal
330 production and consumer health, together with $peard farmer concerns about animal
331 welfare (linked to repeated drug administrationpwever, the current use of connected
332 devices for reproduction management in cattleilispgtorly documented. Michaelit al.

333 (2014) reported that approximately 1 700 000 autecthactivity monitoring tags have been
334 sold worldwide and that approximately 100 000 tagscurrently used in dairy farms in

335 Germany [3]. Approximately 20% of Dutch [71] andeRch (C. Allain, Idele, personal

336 communication) dairy farms currently use automastius detection.
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The most frequently reported reason to adopt an SAiMCanadian dairy herds was the
desire to improve herd reproductive performancé&4q &1 respondents) [72]. In decreasing
order of answers were then the lack of time todetstrus (51% of respondents), the chance
to monitor health condition along with estrus (45%g desire to breed cows in natural estrus
(44%), the desire to reduce labor (39%), the conabput frequent injections required in
timed Al programs (35%), the inability of workesdetect estrus (23%) and going organic
(3%) [72]. In Dutch dairy farms, the main reasomsifivesting in connected devices for
estrus detection were improving detection ratesigg insights into the fertility of the herd,

improving profitability of the farm and reducingolar [71].

I1.2 Impact on herd reproductive perfor mances

No published data is available concerning the impaconnected devices for calving
detection on calf mortality rate or dam post-partugalth including reproductive
performances. However, the impact of devices allgveutomated estrus detection on the
global herd reproductive performance was recemiyuated. In the Dutch dairy farms
investigated, investing in estrus detection sendrsi0t change the interval from calving to
first service nor the age at first calving [73]pbably because the rules on voluntary waiting
period and age at first calving were unchanged #feeinvestment. Conception rates for Al
performed on estrus detected with mounting sengsers similar in dairy cows [19] but lower
in beef heifers [18] than after visual estrus d@bdec Higher pregnancy rates were reached
following inseminations performed in estrus detdatih AAMS than after visual detection

[3, 74].

When comparing the overall reproductive performare@een the year before and the year
after adoption of an AAMS for estrus detection @b3Canadian dairy farms, a mean increase
of 7% in the 21-day insemination risk (from 42 @) and of 2% in the 21-day pregnancy

risk (from 15 to 17%) were recorded, whereas theeption risk per Al did not change [72].
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The comparison between dairy herds using AAMS andd-Al for more than 50% of
inseminations did not show any difference in pregyarates, conception risk and
insemination rates [72, 75]. This means that fpreductive management in large dairy
herds, AAMS could be an alternative to hormonaksyanization of estrus. However, the
new technologies available for estrus detectionatcsolve the problem of 15-25% cows that
fail to ovulate after the voluntary waiting periptb, 77]. For these anovulatory cows, the

hormonal induction of estrus may remain the betbop

For further improvement of conception rate, som&dknowledge for optimal use of
connected devices is also lacking. Manufacturezsapected to provide indications about the
delay between data acquisition and data processipgduce the alert, as well as the optimal
time to perform Al once the alert is emitted. Shadrthe latter, the determination of the best
time to inseminate relative to the estrus aleat ¢hallenge. The am-pm rule was established
in the 40’s when estrus detection was only accahpli by visual observation. The earlier
detection of estrus potentially offered by autordastrus detection systems compared with
visual detection may lead to lengthen the intebetlveen the estrus alert and insemination.
Nevertheless, ovulation was observed an avera@eé-8D hours after estrus detection by
AAMS (with extremes of 21 and 39 hours) and pregyaates in dairy cows were reported
to be highest with inseminations performed 5 td E8ter the AAMS alert, as recently
reviewed [17]. Al timing seems thus very similarthe 8-to-18-h interval found to be optimal

after visual detection of estrus in the field [78].

It is of note that automated sensors do not exobxgert human observation of the animals. A
clinical examination of a cow detected in estrufABMS by the farmer, the inseminator
and/or the vet remains necessary to compensate splecificity of detection of such
automated devices. Moreover, the clinical exam mesntne only way to detect genital

abnormalities preventing insemination, like endattist
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I1.3 Impact on farm economic performance: return on investment

A major issue associated with the use of automsgedor systems for estrus detection is the
heavy investment and the payback period [79]. hioteworthy that the wish of the farmers to
limit the investment may affect the performancethefdevices. For example, limiting the
number of vaginal thermometers may prevent theéatminsert them long enough before

calving.

The main reasons given by Dutch dairy farmers ffid by North Americans [79, 80] for not
investing in sensor systems (in general, not coydproduction management) are
economically related. The expected costs for 50scev8-8 k€ for accelerometers,
pedometers, vaginal thermometers, abdominal belt§, k€ for pedometers sensitive to the
position (standing/lying) or mounting detectorsriavigator system costs around 50 k€ as
an initial investment, to which annual subscriptairb5-80 €/cow. To the best of our
knowledge, there is currently no data availableéheneconomic outcome of implementing
automated calving detection in cattle. Publishad da the financial effects of implementing
automated systems for estrus detection are scatt¢hbdy show globally economic benefits
[81-84]. In a recent study, various scenarios ofpgidn of automated estrus detection were
simulated in herds initially using 100% visual dxien or 100% timed artificial insemination:
the investment was found to be globally profiteduhel the payback period ranged from 1.6
years to more than 10 years, depending on thalisigstem and labor costs [84]. A user-
friendly decision support tool was created by th#hars for investment analysis, in which
inputs comprise general and reproductive manageprantices and the cost of the proposed
automated system, and outputs include the expeotadoer day, the net present value, the
pay-back period and the culling rate [84]. In amotstudy, a comprehensive simulation model

was used to study the technical and economic sftgamplementing an AAMS, in a dairy

17



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

farm of 130 cows (8,310 kg milk/305 d./cow) in theseline scenario [83]. Assuming a 30-%
increase (from 50 to 80%) in the efficacy of esttatection with AAMS compared with

visual detection and a slight decrease in the fipigiof detection (from 100% to 95%), the
use of AAMS led to a reduction of 16 days in therage calving interval, an increase in
average annual milk production of around 11,00@pdxgfarm, a parallel increase in the
annual number of inseminations (due to the incikasenbers of estrus detected and
inseminations per calving) and calves, a redudtiche number of culled cows per year and a
reduction in labor input [83]. Overall, the invesimt was profitable, with a difference in
annual net cash flow between farms with and withAMS of 2,827 € over a 10-year period
[83]. It is noteworthy that economic benefits degp@n herd size. In the previous economic
simulation, the marginal financial effect was miwer, of 1,779 €, for a herd of 65 cows,
and higher (3,870 €) with a herd of 195 cows [880, the improvement in herd
sustainability when using connected devices cledglyends on the initial performances of the
herd (initial estrus detection, dystocia rate aednatal mortality for calving detection), the

cost of the equipment and labor costs.

[I1.  Perspectivesfor connected devices
The development of connected devices not only &ffieerd performances, as described
above, but also raises some technological andtab@sues, together with perspectives for
the global cattle population (figure 3).

[11.1. Toward more polyvalent and easy-to-use systems

Linked to the heaviness of investment, a majorlehgk of most connected devices for estrus
detection is the integration of supplementary daig, on animal production, health, and
economic information, into a global managementesyistio generate recommendations, i.e. to

inseminate or not a cow in estrus, to isolate gmaat cow, to intervene or not during calving
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etc. [10]. With the exception of the HN system, @@ the connected devices for estrus
detection integrates other information than thewpeater monitored. In addition to
progesterone assays, the HN system integrates eomeptary data on the animal, e.g. post-
partum interval, milk production, negative energyance (diagnosed thanks to beta-
hydroxybutyrate assays) that are helpful in detemmgj, for each estrus period, a probability
of pregnancy if inseminated. The polyvalence oframted devices (i.e. their ability to
evaluate other aspects of cow management) is ahfassheir practical and financial
acceptability in the field.

Concerning calving detection, the improper useabfing monitoring systems may lead to
premature interventions and expose parturient coavttigher risk for post-partum genital
inflammation and infection. In order to help thenfi@r to decide to intervene or not, devices
should be developed to not only predict precisedystart of calving, but also to evaluate the
probability of dystocia in the coming calving. Ateology that quantifies the duration of
calving from the onset of the first stage, i.e.tihge at which uterine contractions begin, may
be a first approach to the identification of prabéic calvings. To date, no device has been
specifically designed to predict abnormal calvibgsthe first results, based on the
continuous recording of prepartum activity, eatamgl/or drinking behavior, seem promising
[58]. Thereafter, algorithms associated with dystegould have to be incorporated into

existing devices.

Polyvalence would also meet the need of easy-taesgiees. Lack of technical support and

of training for use of automated technologies aasgomobstacles to investment into connected
devices [79]. Among the most frequent reasons digeslow adoption by farmers of
automated monitoring systems were the lack of fanity with technologies and the fear of

receiving too much information without any key tmmverting them into decisions [80],
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while the simplicity and ease-of-use were frequgtiments in the choice of a new

technology to be implemented on the farm [79].

[11.2 Phenotyping of reproductive and health traits

Automated monitoring systems make it possible &zliea more precise characterization of
reproductive traits in cattle. The numerous corggkdevices give access to a large number of
physiological parameters measured simultaneoushylange number of animals under
various management conditions, in a non- (or miflypavasive way and in a long-term
perspective (ideally over the whole life of theraals). Such objective phenotypes are potent
tools to explore biological issues underlying tRpression of estrus, fertility, but also health.
Important questions regarding the interval fromdheet of increased activity and ovulation
[12], the duration and intensity of estrus in nelatto circulating estradiol concentrations [34]
were revisited thanks to AAMS. Important questioggarding the interval from the onset of
increased activity and ovulation [29], the durataord intensity of estrus in relation to
circulating estradiol concentrations [28] were s#ed thanks to AAMS. Similarly, AMMS
provided the incidence of silent ovulations in Heils dairy cows under various housing
systems [1, 85]. Endocrine fertility traits, definieom progesterone concentrations monitored
in milk, have been suggested as alternative indisdor fertility in dairy cows because they
are less biased by farm management decisions thssiaal traits derived from insemination
and calving data [86, 87]. The progesterone profilenerated post-partum on a large number
of cows allowed to quantify the prevalence of atgpprofiles, i.e. abnormalities in
postpartum ovarian resumption, in various managésigrations [88]. In-line milk
progesterone monitoring before and after insenonadiso evidenced a link between the
progesterone profiles and the success rate of ins¢ion in Holstein cows [89], underlying

their interest for genetic selection on fertilitgits in dairy cattle [86, 87].
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485 On a population scale, the collection and analykthese phenotypic data are precious for the
486 selection for estrus expression in dairy cattlelifarly, the prevention of dystocia relies on a
487 systematic genetic evaluation for calving easemartker assisted selection for calving traits
488 at the national and international levels [7]. Withautomated monitoring, the determination
489 of phenotypes such as difficult calving is only gibte through time-consuming observations
490 or subjective evaluation on limited numbers of adsnConnected devices allow the

491 phenotyping of peripartum events in a large nunalb@nimals in a variety of environments
492 and management systems and as such, may be ws#$uldr accurate genetic evaluation of
493 calving ease in cattle and to select females wgh genetic index for this trait. A major

494 challenge for sensor systems in reproduction istegrate a high number of additional data
495 on individual animals and their environment to proel not only more appropriate advice to
496 the farmer, but also robust tools for selection andntegrated understanding of cattle in its

497 farm and management conditions.

498 [11.3 Improving animal welfare and public perception of animal production

499 Devices that have to be inserted into the vagimhleiib for several weeks, even months, and
500 vulvar devices detecting expulsion which need gisal suture to the vulva lips, are

501 questionable in regard to animal welfare. Althotigrisks for health have not been

502 evaluated so far, vaginal infection, irritation amdll thickening (limiting vaginal dilatation)

503 could be expected with such devices.

504 However, globally, connected devices used for esind calving detection offer benefits for
505 animal welfare. The prediction of calving time aawturate identification of cows in need of
506 assistance provide a clear opportunity to imprateand dam welfare during the peripartum
507 period [90]. It is noteworthy that dystocia is cmiesed by veterinarians as one of the most
508 painful condition for cows [91, 92] and that madnarn 40% of calvings require assistance

509 [93].
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Providing a timely appropriate care at calvingrisctal for the survival of the newborn calf,
for the dam's post-partum health and for the sulsscculling risk [9, 90]. Permanent
automated devices could also be helpful to imptbeecarly diagnosis of health disorders
during the transition period [51]. Moreover, desp#quiring receivers for data collection,
connected devices used in reproduction monitormgat forbid pasture access. Hormonal
synchronization of estrus and timed artificial imseation (Al) protocols have been widely
adopted in the United States [94, 95] to overcdmeditne-consuming detection of estrus by
visual observation. In Europe, the average sizeedds is globally lower and the use of
hormonal treatments is less. However, apart froematided cost of treatment, the growing
opposition of consumers and producers to the sygtemse of hormones, makes hormonal
synchronization unacceptable in the managemerdtdéaeproduction. This context gave a

specific interest to the automation of estrus d&iec

By increasing reproduction efficacy, connected deviare expected to increase cow
longevity, which is positive from an animal welfgrerspective as well as economically. With
the increasing concern of public opinion for animvalfare, connected devices have the
potential to make livestock farming more transpaegrd improve the public perception of

cattle production.

Conclusion

Connected devices for cattle reproduction weréailhytdesigned and scientifically evaluated
for estrus detection, mainly based on activity,ax@bral or hormonal measurements. Their
indications now tend to be extended to calving cteir, with a marked lack of published
validation. Wide perspectives are being openedbsgd devices in the field of reproduction:

beyond improvements in cattle reproductive perforoeathey may generate improvements in
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the breeders' quality of life and in animal welfaFbey will also contribute to a better
understanding of cattle physiology, herd sustalitglimprovement and cattle selection.
Bovine reproduction is thus entering into the drhig data, offering the opportunity of deep
insights into physiology, diseases and cow’s irtgoas with its environment. Inevitably,
guestions regarding the quality and the propertyefdata generated will have to be

addressed in the near future to ensure their optiatarization.
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Figure 1: Operating principle of connected devidds connected device equipping the cow
emits a signal that is processed by a specifiozveolt and thereby interpreted by an algorithm
into a biological information. In case this infortiwa is deviant from thresholds set up by the
manufacturer, an alarm is transmitted to the fayimeia computer and/or on a mobile phone.
This alarm implies an actioio be undertaken by the farmer for the cow (insewnm,

calving assistance)

Figure 2: Available sensors for estrus and/or cgetection.

Figure 3: Issues and perspectives of connecteadein the field of reproduction.
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Table 1: Performances of automated activity momigpsystems (AAMS) for estrus detection in dairjtlea

Parameter (s) Type of device Housing | Sensitivity? | Specificity” | PPV© Number | Ref.
monitored conditions of

animals
Activity Collar-mounted accelerometer  Indoors 59% 94% 67 [2]
Number of steps Leg pedometer Indoors 63% 74% 67
Activity Collar-mounted accelerometer  Pasture 60670 | 99% 68-80% [25]
Activity Neck collar activity-meter Indoors 79-97% | 90-98%" | 40-73% 64 [26]
Activity Neck collar activity-meter Pasture 87-94% | 90-98% | 41-76% 135
Activity Collar-mounted accelerometer  Indoors 5848 96-100% 647 [29]
Activity Collar-mounted accelerometer  Pasture 72% 67% 89 [27]
Activity Collar-mounted accelerometer  Pasture 0968 | 57-94% 67-70% 30 [30]
Rumination Collar-mounted accelerometer Pasture % 35 69% 14% 30
Activity, resting time, | Ear-attached accelerometer | Indoors 100% 99-100% | 99-1009%6 18 [14]
rumination and with temperature sensor
feeding times, ear
surface temperature
Activity and Collar-mounted accelerometgr  Indoors 60-100% 96-99% 97-98% 18
rumination time
Number of steps, lying Leg-mounted accelerometer Indoors 80-160% 98-1009% | 98-1009% | 17
bouts and lying time
Activity and lying time| Leg-mounted accelerometer Indoors 100% | 90-97% 91-97% 14

Milk or blood progesterone serial measurements weeel as gold standard to confirm estrus events.

®Sensitivity (or efficiency) = true positive ale(fBP)/ (TP+ false negative alerts)

*Specificity = true negative alerts (TN)/(TN + falsesitive alerts (FP))

“Positive predictive value (or accuracy) = TP/(TP}FP

Y%values vary depending on the threshold and/oreference period used in the algorithm to definenarease in activity as an estrous period.

®Values were obtained using different machine-leaytéchniques (random forest, linear discriminawatysis and neural network).
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Table 1: Performances of automated activity monitoring systems (AAMS) for estrus detection in dairy cattle.

Parameter (s) Type of device Housing | Sensitivity? | Specificity” | PPV® Number | Ref.
monitored conditions of

animals
Activity Collar-mounted accelerometer | Indoors 59% 94% 67 [2]
Number of steps Leg pedometer Indoors 63% 74% 67
Activity Collar-mounted accelerometer | Pasture 60-70%" 99% 68-80%° [25]
Activity Neck collar activity-meter Indoors 79-91%° 90-98%° | 40-73%° 64 [26]
Activity Neck collar activity-meter Pasture 87-94%° 90-98% % | 41-76%° 135
Activity Collar-mounted accelerometer | Indoors 56-84% 96-100%° 647 [29]
Activity Collar-mounted accelerometer | Pasture 2% 67% 89 [27]
Activity Collar-mounted accelerometer | Pasture 78-80%° 57-94% 67-70%" 30 [30]
Rumination Collar-mounted accelerometer | Pasture 35% 69% 14% 30
Activity, resting time, | Ear-attached accelerometer Indoors 100%° 99-100%° | 99-100%° | 18 [14]
rumination and with temperature sensor
feeding times, ear
surface temperature
Activity and Collar-mounted accelerometer | Indoors 60-100%° | 96-99%° 97-98%° 18
rumination time
Number of steps, lying | Leg-mounted accelerometer Indoors 80-100%° | 98-100%° | 98-100%° | 17
bouts and lying time
Activity and lying time | Leg-mounted accel erometer Indoors 100%° 90-97%° 91-97%° 14

Milk or blood progesterone serial measurements were used as gold standard to confirm estrus events.

®Senditivity (or efficiency) = true positive derts (TP) /(TP+ false negative aerts)

®Specificity = true negative alerts (TN)/(TN + false positive aerts (FP))

“Positive predictive value (or accuracy) = TP/(TP+FP)

%values vary depending on the threshold and/or the reference period used in the algorithm to define an increase in activity as an estrous period.




*Values were obtained using different machine-learning techniques (rand
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Mountingacceptance
(pressure sensor) - Estrus Ingestion - Rumination
S (accelerometer, microphone)

(accelerometer, inclinometer)

‘ Abdominal contractions Estrus - Calving

Tail positioning (pressure sensor) - Calving

Vaginal temperature
(thermometer) - Calving

Body temperature

(magnets) - Calving

) | (thermometer)
Estrus - Calving

Vulval opening

Activity
(pedometer, accelerometer)
Estrus - Calving

Milk progesterone assay
(in line chemistry)
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Highlights

e Connected devices used in reproduction are designed for estrus detection and calving
prevision.

e They aim at improving work organization, reproductive performances and animal welfare.

*  Activity, ingestion/rumination and body temperature are the most frequently evaluated
parameters.

e They represent a potent tool for large scale, non invasive phenotyping of cows in their
environment.



