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ARTICLE INFO ABSTRACT

Keywords: This study aimed to assess how two estrus detection tools, an automated activity monitor (AAM) and tail chalk

Estrus (TC), were associated with true estrus events in lactating Holstein cows. Cows with days in milk >5 were

Tail chalk monitored twice daily for estrus alerts, identified by the AAM and a TC score of 3 (<50 % of chalk remaining).
Automated activity monitor . . .
Dairy cow Transrectal ultrasonography was performed on the day of alert to confirm estrus (cows with a follicle >10 mm

and corpus luteum <24 mm). For AAM-identified events, peak activity and duration of estrus were measured.
Mixed logistic and linear regression models were used to assess associations for dichotomous and continuous
outcomes, respectively. A total of 1714 events were recorded, of which 1098 from 371 cows were considered in
true estrus (AAM only: n = 629; TC only: n = 86; AAM + TC: n = 383). Cows with both AAM and TC alerts had
higher odds of true estrus compared to those with only AAM alerts (OR = 4.24; 95 %CI = 3.05-5.87) or only TC
alerts (OR = 17.70; 95 %CI = 11.90-26.34). Cows having AAM and TC alert had greater peak activity index
(AAM only = 221.64 + 7.07; AAM + TC = 323.89 + 9.13) and longer duration of estrus (AAM only = 8.37 +
0.27 h; AAM + TC = 13.17 4 0.33 h) compared to cows with AAM alerts only. In conclusion, TC could be used as
a marker of high-intensity estrus and, when combined with an AAM, improves identification of true estrus in
dairy cows.

Estrus detection

difficult to achieve through visual observation alone.
Over the past several decades, various estrus detection tools have

1. Introduction

Suboptimal reproductive performance is a major contributor to
economic losses in dairy farming. Studies conducted in Europe and
North America have consistently linked poor reproductive outcomes
with reduced cow lifespan and significant financial losses in dairy sys-
tems [1-3]. One of the first steps toward achieving a successful preg-
nancy in cows is the timely and accurate detection of estrus, a
behavioural indicator that precedes ovulation [4]. Effective estrus
detection is crucial for reproductive management on dairy farms, as it is
associated with improved insemination rates, optimized calving in-
tervals, and increased pregnancy outcomes [5]. However, despite its
critical role in reproductive success, estrus detection remains a chal-
lenging and labor-intensive task. The variable nature of estrus behav-
iour, combined with increasing herd sizes and labor constraints on
modern dairy farms, often makes consistent and accurate detection
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been developed and integrated into dairy farm operations, primarily
relying on identifying behavioural changes associated with estrus [4,6].
For example, one of the most well-established indicators of estrus
behaviour is standing to be mounted, which can be monitored
cost-effectively by applying chalk to the cow’s tail base before the ex-
pected estrus period [5,7]. The chalk is removed by friction when the
cow is mounted by other cows, providing a visual indicator of estrus
activity [5,7]. In addition to mounting behaviour, secondary indicators,
such as increased physical activity [8], can be monitored using auto-
mated activity monitors (AAM). These wearable sensors detect loco-
motion changes linked to estrus, reducing reliance on direct visual
observation [4]. In fact, estrus detection aids have significantly
contributed to improving reproductive performance on dairy farms by
offering valuable support to dairy producers, and by enabling the
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possibility of targeted reproductive management protocols [9].

Despite its advancements, one significant challenge when using
estrus detection tools is the occurrence of false positive alerts. Studies
have shown that the rate of false positive estrus alerts can reach up to 29
% on dairy farms [10-13]. These inaccuracies may arise from behav-
iours such as cows licking off tail chalk [14] or the misclassification of
activity changes when cows become lame [15]. One potential solution
could be the integration of multiple estrus-related behaviours (e.g.,
mounting behaviour and increased physical activity) into detection
systems. In fact, studies have suggested that combining tools with visual
observation of estrus can improve the accuracy of true estrus detection
[11,16,17]. However, this approach does not alleviate the time demands
associated with visual observation. Integrating cost-effective visual
markers, such as TC, with an AAM could improve the accuracy of estrus
detection while minimizing the need for continuous visual monitoring
on dairy farms. Although previous studies have compared the use of TC
and AAM for estrus detection [11,13,18], limited research has evaluated
their combined use in the same animal [18], particularly during spon-
taneous estrus, which may better represent the underlying reproductive
physiology of the modern lactating dairy cow.

The primary objective of this cohort study was to assess how two
estrus detection tools (AAM and TC), used separately and in combina-
tion, were associated with true estrus events in spontaneous episodes of
estrus from lactating Holstein cows. Our secondary objectives were to
explore additional associations with true estrus, considering different
factors such as estrus characteristics (peak and duration), milk produc-
tion and peri-estrus ovarian structures dynamics.

2. Materials and methods

This cohort study was conducted between July 2018 and November
2019 at the University of British Columbia’s Dairy Education and
Research Centre, in Agassiz. All experimental procedures were approved
by the Animal Care Committee of the University of British Columbia
following the protocol #A18-0315.

2.1. Animals, housing, and management

During the study period, postpartum Holstein cows (>5 days in milk;
DIM) were enrolled weekly and were followed until they became preg-
nant, resulting in a total enrollment of 386 cows. From these cows, a
total of 1714 spontaneous estrus events were recorded, including 531
events from primiparous and 1183 from multiparous. Cows were housed
in sand-bedded free-stalls with concrete flooring, headlock system, fans,
manure scraper and was not equipped with automated brushes. Milking
was performed twice daily (05:00 and 15:00 h) in a conventional
milking parlor (Boumatic Dairy Equipment). Daily milk production was
recorded by the parlor system throughout the experiment period. Cows
were fed twice daily with total mixed ration (TMR) formulated to meet
or exceed the requirements of a lactating 700 kg Holstein cow producing
45 kg/day of 3.5 % fat corrected milk [19]. Water and TMR were
available for ad libitum intake.

2.2. Estrus detection

Lactating cows had TC (Paintstik Livestock Marker, All-Weather)
applied at the base of their tail at enrollment. Chalk was applied as a
10 cm horizontal stripe (approximately 4 cm wide) along the dorsal
surface of the first coccygeal vertebra, in a single, uniform stroke. Tail
chalk scores were monitored twice daily (07:00 and 15:00 h) and clas-
sified according to the chalk removal. Scores were classified as follows:
(1) no chalk removal: cows had 100 % of the chalk remaining on the
base of their tail; (2) poor chalk removal: cows had more than 50 % of
the chalk remaining on the base of their tail; and (3) significant chalk
removal: cows had less than 50 % of the chalk remaining on the base of
their tail. Tail chalk was reapplied at the base of the tail 36 h after an
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estrus event. A fresh application of chalk was reapplied every week to
cows with no chalk removal (score 1), ensuring the chalk remained
effective for detection. For cows showing poor chalk removal (score 2),
chalk was reapplied on the base of the tail 36 h after score detection if
chalk removal remained unchanged. Cows showing significant chalk
removal (score 3) were considered to have an estrus alert.

Cows were monitored continuously by an AAM (Afi Pedometer Plus
Tag, AfiMilk) placed on the back leg above the distal expansion of the
metatarsal bone two weeks prior to the expected calving date and
remained on the animals throughout their entire time within the herd.
Activity data was recorded hourly by the system throughout the
experiment period. The AAM system was checked twice daily (07:00 and
15:00 h) for estrus alerts. The threshold for an alert of estrus, set by the
system, was based on the comparison between the baseline and the
current physical activity for each cow within each 1 h block.

2.3. Estrus, pregnancy, and health monitoring

When either an AAM or TC alert was identified, the ovaries of the
cows were scanned using a portable ultrasound (US) scanner with 7.5-
MHz linear-array transducer (Ibex Pro; E.I. Medical Imaging). During
the US exams, follicles and corpus lutea (CL) were identified and their
diameters were measured. Cows with a pre-ovulatory follicle >10 mm
and a CL < 24 mm were considered to have a true estrus alert. For true
estrus alert, ovulation of the pre-ovulatory follicle was monitored 24 h
and 48 h post estrus by assessing its disappearance by US. This was also
confirmed by US at 7 days post-alert by the appearance of a new CL. If a
new alert occurred <7 days after a confirmed true estrus, and the cow
appeared to have ovulated from the previous alert (evidenced by follicle
disappearance and a growing new CL), but the new CL had not yet
reached 24 mm, the new alert was not considered a true estrus event.
Body condition, scored on a 5-point scale from thin (1) to obese (5; [20],
and lameness, scored on a 5-point scale from sound (1) to severely lame
(5; [21]), were also assessed at the beginning of each estrus.

Artificial insemination (AI) was performed for a total of 647 estrus
events from 312 lactating Holstein cows that were considered to have a
true estrus alert. Insemination followed the AM/PM rule according to
the farm reproductive management and was performed either after 60
DIM when the average milk production was below 50 kg/day, or after 80
DIM when the average milk production was above 50 kg/day. Pregnancy
diagnosis was conducted 35 + 7 days post-Al by US and cows were
considered pregnant when an embryonic vesicle with a viable embryo
(heartbeat) was detected. All cows with an AAM and/or TC alert were
eligible for re-enrollment.

2.4. Statistical analysis

A sample size of 245 estrus events per type of alert (AAM, TC, or
both) was calculated to identify a minimum difference of 16 % in the
detection of true estrus events between tools, with a SD of 40.2, 1.14
adjustment factor for confounders, 95 % confidence and 80 % power.
The sample size was further adjusted for clustering (n = 5 estrus events
per cow). Estimates were based on the findings of Holman et al. [11]
which evaluated similar tools measuring mounting behaviour and step
counts for estrus detection.

Statistical analyses were conducted using SAS Studio (version 3.8,
SAS Institute Inc.). Descriptive analyses were performed, and contin-
uous variables were visually examined for normality and potential
outliers (PROC UNIVARIATE). Estrus events were dichotomized as true
estrus (1) and false alerts (0). Estrus detection tools were used to cate-
gorize alerts as: AAM and TC alerts (AAM + TC), AAM alerts only (AAM
only), or TC alerts only (TC only). Tail chalk scores were used to
dichotomize estrus events as TC alert (when the outcome was score 3)
and no TC alert (when outcome was score 1 or 2). Daily milk production
from the 3 days before an estrus event was used to calculate the daily
average milk production for each estrus event. Days in milk was used to
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categorize cows into early lactation (<60 DIM), mid-lactation (60-120
DIM), and late lactation (>120 DIM). Parity was used to classify animals
into primiparous (parity = 1) or multiparous (parity >1).

The peak in physical activity was defined as the maximum heat index
(heat indicator; AfiActll, Afimilk) during an estrus episode. The duration
of estrus was defined as the sum of hours from the beginning to the end
of an estrus event identified by the AAM system. Cows with 2 consec-
utive episodes of AAM estrus within a 4-h interval had their activity data
combined into 1 event of estrus. When 2 consecutive estrus events
occurred within a 5- to 23-h interval, the event with the shortest dura-
tion was removed from the analysis.

For all models, the estrus event was considered the experimental
unit, and a clustering structure was used (cow as random intercept).
Intra-class correlation coefficients (ICCs) were calculated to quantify the
proportion of total variance attributable to the clustering structure
(Table 1). For linear models, ICCs were estimated by dividing the vari-
ance of the random effect by the total variance. For logistic models, the
latent variable method was used, assuming a residual variance of ©2/3
[22]. Parity, DIM, body condition and lameness scores were tested as
possible confounders and kept in the models if P < 0.20 [22].

The binary outcomes (true estrus, TC alert, ovulation and pregnancy)
were analyzed using mixed logistic regression models and the contin-
uous outcomes (peak of activity, duration of estrus and pre-ovulatory
follicle size) using mixed linear regression models (PROC GLIMMIX
and PROC MIXED, respectively; Table 1). Briefly, models using true
estrus as the outcome variable included all data, but only true estrus
events were included for all other models (Table 1). Estrus events with
only TC alert did not have data on AAM characteristics (peak and
duration) and were not included in models where these characteristics
were considered as an exposure or an outcome. Finally, models for
pregnancy included only true estrus events followed by AI (Table 1).

For logistic regression models, the linear relationship between the
numeric variables and the log odds of the outcome were assessed
graphically (PROC SGPLOT). For linear regression models,

Table 1
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homoscedasticity and normality of the residuals were assessed graphi-
cally using residual plots. Effect plots for the logistic regression models
assessing the association between estrus behaviour (peak and duration)
and the probability of tail chalk alerts were generated using the PROC
PLM procedure in SAS. In contrast, the logistic regression model eval-
uating the probability of true estrus events and the linear regression
models examining the relationship between estrus behaviour (peak and
duration) and alert type were plotted using ggplot2 in RStudio (version
2023.12.0). Results from logistic regression models are presented as
odds ratios (OR) with 95 % confidence interval (CI). Results were
considered statistically significant when P < 0.05 and those between
0.05 > P < 0.10 were considered as a tendency.

3. Results

A total of 1714 spontaneous episodes of estrus from 386 lactating
Holstein cows were recorded over the 16-month study period. Of these,
531 events were from primiparous and 1183 from multiparous cows.
Distribution of estrus events by detection method was as follows: AAM
only: n = 996; TC only: n = 279; AAM + TC: n = 439. A total of 1098
estrus episodes (64 %) from 371 cows were considered true estrus
events. Among these, 351 events originated from primiparous cows and
747 from multiparous cows. The proportion of true estrus events by
detection method was as follows: AAM only with 63 % (629 of 996); TC
only with 32 % (86 of 279) and AAM + TC with 87 % (383 of 439). On
average, cows had 3.1 true estrus events (SD = 1.9; median = 3; range =
1 to 10) and 2.4 false alerts (SD = 1.6; median = 2; range = 1 to 8)
during the study period. Among estrus events classified as false alerts,
nine (from eight cows) occurred <7 d after a previous confirmed estrus,
with evidence of prior ovulation and a developing CL that had not yet
reached 24 mm. Milk production data was missing for 21 true events and
AAM data was missing for 103 true events due to unrecorded data or
sensor malfunction. These events were excluded from statistical models
(Table 1). Across models, ICCs for the random intercepts averaged 0.15,

Model information for the different outcomes and exposures assessed in mixed regression models using estrus event as the unit of interest and a clustering structure
(cow as random intercept). Cow parity, days in milk (DIM), body condition score (BCS) and lameness scores were tested as possible confounders and kept in the models

if P < 0.20 [22].

Outcome ~ Exposure Model type Included data n events Confounders ICC (cow)
True estrus ~ Type of alert Logistic regression All 1714 Parity, DIM 0.06
~ Milk production 1693 Parity, DIM 0.04
Tail chalk alert ~ Peak Logistic regression True estrus 909 Parity, BCS 0.03
~ Duration 909 Parity, BCS 0.02
~ Milk production 1077 Parity, BCS 0.03
Peak of activity ~ Milk production Linear regression True estrus 909 Parity, DIM 0.11
~ Type of alert 909 Parity 0.15
~ Pre-ovulatory follicle size 909 Parity, milk 0.12
Duration ~ Milk production Linear regression True estrus 909 Parity, DIM, BCS 0.14
~ Type of alert 909 Parity 0.16
~ Pre-ovulatory follicle size 909 Parity, milk 0.14
Pre-ovulatory follicle size ~ Type of alert Linear regression True estrus 1077 Parity, BCS 0.34
~ Milk production 1077 Parity 0.37
Ovulation ~ Type of alert Logistic regression True estrus 1077 Parity, milk, BCS 0.37
~ Milk production 1077 Parity 0.34
~ Peak 909 Parity, milk 0.36
~ Duration 909 Parity, milk 0.35
Pregnancy ~ Type of alert Logistic regression True estrus followed by Al 647 DIM, parity 0.02
~ Milk production 647 DIM, parity 0.03
~ Peak 502 DIM, parity 0.02
~ Duration 502 DIM, parity 0.04

True estrus: estrus alerts when cows had a pre-ovulatory follicle >10 mm and a CL < 24 mm, or were not in alert <7 days after a confirmed true estrus when ovulation
from the prior alert was evident. Type of alert: AAM and TC alerts (AAM + TC), AAM alerts only (AAM only), or TC alerts only (TC only). Tail chalk alert: TC alert (when
the outcome was score 3) and no TC alert (when outcome was score 1 or 2). Milk production: daily average milk production from 3 d before estrus for each estrus event.
DIM: Cows were categorize into early lactation (<60 DIM), mid-lactation (60-120 DIM), and late lactation (>120 DIM). Parity: primiparous (parity = 1) or multiparous

(parity >1). ICC: intra-class correlation coefficients.
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ranging from very low (0.02) to moderate (0.37). To maintain consis-
tency and more accurately reflect the repeated-measures design, the
clustering structure was retained in all models.

At the time of estrus, cows were, on average, 83.2 + 47.9 DIM
(median = 77; range = 6 to 380) and of parity 2.5 &+ 1.5 (median = 2,
range = 1 to 8). The average daily milk production from 3 days before
estrus events was 40.8 + 10.5 kg (median = 40.6, range = 24.0-76.5
kg). Among all recorded estrus events, 40.8 % occurred in animals with a
body condition score (BCS) greater than 2.75 (range: 3.0-3.5), 31.8 % in
those with a BCS of 2.75, and 27.4 % in those with a BCS below 2.75
(range: 2.25-2.5). Additionally, 78.4 % of estrus events were observed
in animals with a lameness score of 1 or 2, while 21.6 % occurred in
those with a score of 3 or 4. The average peak and duration of estrus for
all true estrus events were 242.9 + 157.6 activity index and 9.8 + 5.3 h,
respectively.

3.1. True estrus events

Cows that alerted in both estrus detection tools (AAM + TC) had 4.24
times greater odds of a true estrus event when compared with cows with
an alert in the AAM only (95 % CI = 3.05-5.87; P < 0.01; Fig. 1).
Similarly, cows that alerted in both estrus detection tools (AAM + TC)
had 17.70 times greater odds of true estrus event when compared to
cows with a TC alert only (95 % CI = 11.90-26.34; P < 0.01; Fig. 1). In
addition, cows with a TC alert only had lower odds of true estrus alert
when compared to cows alerting only on the AAM system (OR = 0.25;
95 % CI=0.18-0.33; P < 0.01; Fig. 1). Milk production did not affect the
odds of having a true estrus alert by TC and/or by the AAM system (OR
=1.00; 95 % CI = 0.99-1.01; P = 0.64). Similarly, the odds of having a
true estrus alert were not significantly influenced by BCS or lameness
score (P > 0.05). However, cow parity and DIM had a significant effect
irrespective of the estrus detection tool used. Multiparous cows tended
to have lower odds of a true estrus alert compared to primiparous cows
(OR = 0.79; 95 % CI: 0.59-1.04; P = 0.09). The odds of a true estrus alert
was 1.9 times higher (95 % CI: 1.4-2.5; P < 0.0001) in cows in early
lactation compared with those in mid-lactation. Additionally, cows in
late lactation had lower odds of receiving a true estrus alert compared

1.0

0.8

0.6

Predicted probability of true estrus alert

0.4 i
0.2
AAM only TC only AAM + TC

Fig. 1. Predicted probability (+CI) of true estrus alert in lactating Holstein
cows from a logistic regression model assessing the association between estrus
alert type and the likelihood of a true estrus alert. Tail chalk (TC only), auto-
mated activity monitor (AAM only), or both (AAM + TC). Parity and DIM were
included in the model as significant confounders (P < 0.20). Predicted proba-
bilities were 0.89 (95 % CI: 0.86-0.92) for AAM + TC, 0.65 (95 % CI:
0.62-0.69) for AAM only, and 0.32 (95 % CI: 0.26-0.38) for TC only. Different
superscript letters indicate significant differences among alert types (P < 0.01).
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with mid-lactation cows (OR = 0.6; 95 % CI: 0.45-0.80; P < 0.0001).
3.2. Type of alert

The type of alert was associated with the characteristics of estrus
measured by the AAM. Cows that alerted in both estrus detection tools
(AAM + TC) had longer duration of estrus (Fig. 2A; AAM only = 8.37 +
0.27 h; AAM + TC =13.17 4+ 0.33 h; P < 0.01) and greater peak activity
index (Fig. 2B; AAM only = 221.64 + 7.07; AAM + TC = 323.89 + 9.13
index; P < 0.001) when compared to cows having an AAM alert only.
Multiparous cows had a lower peak of activity index (multiparous =
260.22 + 7.7; primiparous = 322.89 + 10.3; P < 0.01) and shorter
duration of estrus (multiparous = 11.12 + 0.23 h; primiparous = 12.85
+ 0.31 h; P < 0.01) compared to primiparous cows. The peak activity
and duration of true estrus events were not associated with the average
milk production from 3 d before estrus (P > 0.05).

The odds of having a TC alert during a true estrus event identified by
the AAM system increased by 1.42 for each hour increase in the duration
of estrus (95 % CI = 1.04-1.95; P < 0.01; Fig. 3A) and by 1.36 for each
10-point index increase in peak of activity (95 % CI = 1.04-1.9; P <
0.01; Fig. 3B). Neither DIM nor lameness score were associated with the
odds of having a TC alert (P > 0.05). In contrast, parity and BCS were
considered as potential confounders (P < 0.20). Multiparous cows had
numerically higher odds of having a TC alert compared to primiparous
cows (OR = 1.19; 95 % CI = 0.86-1.65; P = 0.18). Cows with a BCS
<2.75 (range: 2.25-2.5) had numerically lower odds of a TC alert
compared to those with a BCS >2.75 (range = 2.75-3.5; OR = 0.86, 95
% CI = 0.57-1.03; P = 0.20).

3.3. Preovulatory follicle and ovulation

Cows that alerted in both estrus detection tools (AAM + TC) had
greater diameter of the dominant follicle (DF) at estrus compared with
cows alerting in the AAM or TC only (AAM only = 20.1 & 0.3; TC only =
21.2 £ 0.8; AAM + TC = 22.05 + 0.3 mm; P = 0.008). The diameter of
the DF was associated with both the peak of activity and duration of
estrus, as measured by the AAM. For each 1 mm increase in DF diameter
there was a 2.83-unit increase in the peak activity (P = 0.005). Similarly,
for each 1 mm increase in DF diameter there was a 0.1-h increase in the
duration of estrus (P < 0.001). The diameter of the DF increased 1.0 mm
(95 % CI = 0.4-1.2; P = 0.002) per 10-L increase in daily milk pro-
duction. Lameness score and DIM were not associated with DF diameter
(P > 0.20). Multiparous cows had greater DF diameter than primiparous
cows (multiparous: 21.2 + 0.3 mm; primiparous: 19.4 + 0.4 mm; P =
0.003). Body condition was retained in the model as a potential
confounder (P < 0.20), as cows with a BCS between 2.25 and 2.5 had a
numerically lower mean DF diameter (20.5 + 0.5 mm), followed by
those with a BCS of 2.75 (21.4 + 0.3 mm), and cows with a BCS between
3.0 and 3.5 (21.8 & 0.4 mm; P = 0.12).

Cows alerting in both tools (AAM + TC) had greater odds of ovula-
tion compared to cows alerting in the AAM only (OR = 2.84; 95 % CI =
1.55-5.32; P = 0.002) or TC only (OR = 3.87; 95 % CI = 1.47-10.17; P
= 0.002). The odds of ovulation increased by 1.14 for each 1-h increase
in the duration of estrus (95 % CI = 1.09-1.20; P < 0.001) and by 1.06
for each 10-point index increase at the peak of activity (95 % CI =
1.03-1.08; P < 0.01). Furthermore, the odds of ovulation decreased as
the daily milk production increased (ORper 101 = 0.7; 95 % CI =
0.49-0.90; P = 0.01). Lameness score and DIM were not associated with
the odds of ovulation (P > 0.20). However, multiparous cows tended to
have lower odds of ovulation compared to primiparous (OR = 0.69; 95
% CI = 0.53-1.13; P = 0.09).

3.4. Pregnancy per Al

Artificial insemination was performed for a total of 647 estrus events
from 312 lactating Holstein cows (AAM only: n = 338, TC only: n = 45,
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Fig. 2. Marginal means (+SE) from mixed linear regression models summarizing the association between the (A) duration of estrus and (B) peak of activity with the
type of alert (AAM only or AAM + TC). Parity was included in the model as a significant confounder (P < 0.20). Marginal means (+SE) were 8.37 + 0.27 h (AAM
only) and 13.17 £ 0.33 h (AAM + TC) for duration, and 221.64 + 7.07 and 323.89 + 9.13 for peak activity index, respectively. Different superscript letters indicate

significant differences among alert types (P < 0.01).

and AAM + TC: n = 264) and pregnancy was confirmed in 266 of them
(AAM only: 37 %, n = 126; TC only: 44 %, n = 20; and AAM + TC: 45 %,
n = 120). The odds of pregnancy was lower for cows that did not have a
TC alert compared to cows having a TC alert (OR = 0.69; 95 % CI =
0.50-0.96; P = 0.04), but there was no association of AAM alerts with
pregnancy outcomes (OR = 1.17; 95 % CI = 0.63-2.18; P = 0.61). The
odds of pregnancy were not affected by the peak and duration of estrus
(peak: OR = 1.00, 95 % CI = 0.99-1.00, P = 0.50; duration: OR = 1.03,
95 % CI = 0.97-1.05, P = 0.12) or by milk production (ORper 10. = 1.00;
95 % CI = 0.98-1.02; P = 0.88). Similarly, BCS and lameness score were
not associated with the odds of pregnancy (P > 0.20). However,
multiparous cows had lower odds of pregnancy compared to primipa-
rous (OR = 0.66; 95 % CI = 0.43-0.99, P = 0.05). Days in milk was
considered as a potential confounder (P < 0.20) as cows in late lactation
had numerically lower odds of pregnancy compared to those in mid
lactation (OR = 0.55; 95 % CI = 0.32-0.94; P = 0.11).

4. Discussion

Our findings suggest that using multiple tools to identify cows in
estrus can improve the detection of true estrus events in lactating dairy
cows. Specifically, cows identified in estrus by both an AAM and TC
were more likely to have true estrus events than cows with a TC or AAM
alert only. Furthermore, cows with only an AAM alert were more likely
to have a true estrus than cows with a TC alert only. This study also
showed that cows with both AAM and TC alerts had a higher peak ac-
tivity index and longer estrus duration compared with cows with only an
AAM alert. Moreover, cows that received alerts from both tools (AAM +
TC) had greater DF diameter and higher odds of ovulation than cows
with only a TC or AAM alert. Finally, TC alerts, whether or not accom-
panied by an AAM alert, were associated with greater odds of pregnancy
in cows with true estrus events. Milk production was not associated with
the multiple outcomes measured (true estrus, type of alerts, estrus
behaviour, or pregnancy per Al), except for the diameter of the DF and
the odds of ovulation.

Cows with both an AAM and a TC alert had greater odds of having a
true estrus event when compared with cows that had only a TC or only
an AAM alert. Enhancing the accuracy of estrus detection tools may
benefit reproductive outcomes in dairy herds by increasing the likeli-
hood of successful pregnancy [4]. In addition, improving detection of
true estrus events may help mitigate the high rate of false-positive estrus
alerts generated by sensor technologies [10-13]. However, while our
results suggest that combining detection methods improved detection of
true estrus, relying solely on both alerts may not be practical. This
approach could result in missed true estrus events, as 36.6 % (629 of

1714) of the true estrus alerts in this study were detected only by the
AAM system. Consequently, the overall impact of integrating these two
tools on reproductive indices in the dairy industry remains uncertain.
Our study demonstrates that cows having both an AAM and TC alert had
greater peak of activity and longer duration of estrus when compared to
cows having only an AAM alert. Given that increased estrus intensity
and duration have been positively associated with fertility outcomes
[23,24], perhaps TC could be used as a potential marker for high-fertility
estrus events in lactating dairy cows. For example, TC alerts could be
helpful if they supported targeted reproductive management strategies
which use more expensive technologies such as embryo transfer or high
merit semen choice. In the long term, TC data could also help refine the
algorithms and thresholds of AAM systems, ultimately enhancing the
accuracy of pedometers in detecting true estrus events in lactating dairy
COWS.

We did not find an association between the odds of pregnancy and
the occurrence, peak, or the duration of estrus measured by the AAM
system. However, TC alert was associated with greater odds of preg-
nancy than no TC alert. Positive associations between greater intensity
of estrus expression, measured by AAM [24,25] or tail-head devices [23,
26] and pregnancy per Al were reported in several studies. For instance,
Burnett et al. [25] demonstrated that estrus events with greater peak of
activity and longer duration had greater pregnancy per Al than those
with lower peak activity or short duration. When using a tail-head de-
vice for detection of estrus, Pereira et al. [23] demonstrated greater
pregnancy results at 30 and 60 days post estrus in cows displaying
standing to be mounted behaviour when compared to cows not dis-
playing standing estrus. Considering positive associations between
estrus expression and fertility reported in previous studies, we expected
increased odds of pregnancy in cows displaying estrus measured by AAM
and TC. However, because the number of inseminated estrus events in
our study was relatively modest (n = 647 estrus events), it is possible
that we had limited statistical power to detect differences in the effect of
estrus expression measured by AAM on pregnancy per Al An alternative
explanation could be that mounting behaviour, considered the gold
standard for estrus detection [7], more accurately reflects both the
observable reproductive behaviour and the underlying reproductive
physiology, compared to activity-based metrics recorded by AAMs.
Although AAMs can effectively detect a broad range of estrus-related
behaviours, this wide range may reduce their specificity, as not all
recorded activities are equally indicative of true estrus. Still, our results
should be interpreted with caution. In a real farm scenario, if all cows
receiving estrus alerts had been inseminated (i.e., not confirmed in
estrus via ultrasonography), the association between TC alerts and
pregnancy outcomes could have been different as there was a high rate
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Fig. 3. Predicted probabilities (+CI) from logistic regression models displaying the association between (A) duration of estrus and (B) peak of activity with the odds
of having a tail chalk alert in cows detected in spontaneous estrus using an automated activity monitor. Parity and BCS were included in the model as significant
confounders (P < 0.20). Odds of a tail chalk alert increased by 1.42 for each hour increase in the duration of estrus (95 % CI: 1.04-1.95; P < 0.01) and by 1.36 for

each 10-point index increase in peak of activity (95 % CI: 1.04-1.95; P < 0.01).

of false-positive alerts from the TC only group.

True estrus events that had an AAM and TC alert had greater diam-
eter of the DF at enrollment compared with those with only an AAM or
TC alert. In addition, we found that the diameter of the DF was positively
associated with both the peak of activity and the duration of estrus as
measured by the AAM system. These findings appear to contrast with
previous studies reporting no association between DF diameter and the
intensity of estrus behaviour in lactating cows [24,27,28]. While it is
well established that the hormonal profile of cows expressing estrus
behaviour is characterized by low concentrations of progesterone and
increased concentrations of estradiol produced by the DF [29], the
relationship between DF diameter, estradiol production, and behav-
ioural estrus is not completely understood. Studies evaluating the as-
sociation between estradiol and estrus behaviour [30,31] as well as

between the DF diameter and estradiol production [32] have yielded
discrepant results. Furthermore, because our study did not evaluate
hormone concentrations, we cannot determine whether the observed
link between DF diameter and estrus behaviour in our dataset was
mediated by estradiol. This represents a key limitation in interpreting
the biological mechanisms underlying our findings, and further research
incorporating hormonal measurements is needed to clarify these re-
lationships. Nevertheless, we observed that the characteristics of true
estrus (measured by TC, AAM, or both) were associated with greater
odds of the DF ovulation. Similar to our study, other experiments from
our research laboratory [24,25] have shown an association between the
occurrence and intensity of estrus behaviour with the odds of ovulation
in lactating dairy cows. While it is possible that cows that exhibit more
intense estrus behaviour may be more capable of activating the
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hypothalamic mechanisms that trigger ovulation of the DF, the exact
mechanisms underlying this relationship remain unclear. Again,
although estradiol is a plausible intermediary linking estrus expression
to the ovulatory cascade, the relationship between estrus intensity and
circulating estradiol concentrations has been inconsistent across studies
[30,31], and our study did not evaluate estradiol to assess this associa-
tion within our dataset. Further research involving detailed hormonal
profiling is needed to clarify the biological basis of the association be-
tween estrus behaviour and ovulation in lactating dairy cows.

In this study, the occurrence or intensity of estrus behaviour
(measured by TC, AAM or both) were not associated with the level of
milk production from 3 days before estrus. Although several earlier
[33-35] and recent [36-38] studies have evaluated the association be-
tween the level of milk production and the occurrence or intensity of
estrus behaviour in dairy cows, these studies have not yielded consistent
findings. To the best of our knowledge, this is the first study evaluating
the association between the level of milk production from 3 days before
estrus and the display of estrus behaviour using two different estrus
detection tools, separately and in combination, in spontaneous episodes
of estrus from lactating Holstein cows. Increased milk production has
been linked with increased liver blood flow and steroid metabolism
resulting in low progesterone and estradiol concentrations in the cir-
culation [39], which could affect reproductive performance. However,
despite these physiological effects, our results suggested that milk pro-
duction is not associated with the detection of estrus by either TC or
AAM, or with the intensity of estrus expression, measured by an AAM, in
spontaneous episodes of estrus. To date, the definitive mechanism
regulating the intensity of estrus behaviour in dairy cows is still not fully
understood [40]. Moreover, the extent to which the milk production by
itself can affect the occurrence and the intensity of estrus behaviour in a
healthy and well-managed high milk producer may have been over-
stated [41]. For example, maintaining proper energy balance in the
postpartum period may support ovarian activity and estrus expression in
high-producing dairy cows. This can be achieved through nutritional
strategies that minimize postpartum BCS loss and help sustain key
metabolic hormones such as insulin, glucose, and IGF-I [42]. In fact,
adequate IGF-I levels may not only contribute to follicular development,
but may also modulate estradiol action in the hypothalamus, thereby
influencing the regulation of estrus behaviour [43,44]. Beyond hor-
monal regulation, environmental factors such as slippery or dirty
flooring have also been shown to reduce the expression of estrus
behaviour in lactating cows [7]. In addition, the use of true spontaneous
estrus, reducing the confounding effect of hormonal interventions and
false alerts, as well as the use of milk data closer to estrus events may
have contributed to the results found in our study. Measuring milk
production during the 3 days immediately preceding estrus may offer a
more relevant indicator of the cow’s physiological and metabolic status
at the time of estrus expression, reducing the potential confounding
effects associated with lactation stage or prior fluctuations in milk
production.

We found that as average milk production increased, the diameter of
the DF also increased, while the odds of ovulation decreased. Similarly
to estrus behaviour, previous studies examining the relationship be-
tween milk yield, DF diameter, and ovulation in lactating dairy cows
have reported inconsistent results [25,36,45,46]. Studies demonstrated
no differences in the diameter of the DF between high and low producers
[24,28] or greater diameter of follicles for high producing cows [36].
Likewise, studies have shown no associations between milk production
and ovulation failure [25] or negative associations in the ovulation
timing postpartum [36]. In the study by Lopez et al. [36], high pro-
ducing dairy cows were reported to have greater diameter of the DF,
however, lower estradiol concentration in the circulation when
compared to low producers. Larger DF in high milk producers may be
associated with an extended growth period, likely due to increased liver
blood flow and steroid metabolism [36,39]. Perhaps this may represent
a compensatory response, in which greater follicular growth is required
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to produce sufficient estradiol to reach the circulating concentrations
necessary to induce the GnRH and LH surges. However, this compen-
satory mechanism may occasionally fail to adequately trigger these
hormonal surges, ultimately reducing the likelihood of ovulation. Yet, as
our study did not assess estradiol or LH concentrations, we cannot
confirm that hormonal differences account for the observed associations
in DF diameter and ovulation between high and low milk producers.

One potential limitation of our study is that we did not classify estrus
alerts as true estrus events if they occurred within 7 days of a previous
confirmed event, ovulation appeared to have occurred during that prior
event, and the developing CL had not yet reached 24 mm. This approach
may have led to the misclassification of legitimate very short cycles.
However, as only nine estrus alerts (from eight cows) met these criteria,
very short cycles represented only a small proportion of the estrus events
analyzed in our study. Moreover, relatively low prevalence of short
cycles in lactating cows has been documented in the literature. A recent
study by Denis-Robichaud et al. [47] reported that only 12 % of estrous
cycles were short (<17 days). Interestingly, that study also reported that
prolonged luteal phases (regardless of embryonic loss) may be more
prevalent in lactating cows, with 19 % of estrous cycles classified as long
(24-30 days) and 38 % as very long (>31 days). Taken together, the
small number of very short cycles in our data and their low reported
prevalence suggest that their exclusion likely did not introduce mean-
ingful bias into our study.

5. Conclusion

We found that the use of AAM and TC together increased the odds of
identifying true estrus events within spontaneous episodes of estrus from
lactating Holstein cows. Moreover, cows which had an AAM alert that
were also alerted with TC had greater estrus expression, greater DF
diameter and higher odds of ovulation than cows with only an AAM
alert. We did not, however, find associations between milk production
and true estrus events, estrus behaviour, or pregnancy. In conclusion, TC
could be used as a marker of high-intensity estrus and, when combined
with AAM, improves the detection of true estrus events in lactating dairy
Cows.
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