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Abstract

Adequate identification of estrus is crucial to achieve satisfactory reproductive performance

in dairy farms. Even though several studies evaluated expression and identification of estrus

at the cow level, limited data exist regarding estrus identification parameters at the herd

level. The objectives of this study were to use data from large dairy farms located in Kansas

to describe temporal patterns of insemination risk (IR), and to investigate associations

between IR and various herd-level factors. Nine herds that housed lactating cows in dry-lots

or free-stalls were used in the study. Data from 2012 to 2017 were extracted and catego-

rized in 21-day intervals in a total of 85 cycles, which were classified by season of the year.

Mean (SD) IR was 67.6% (4.0) and increased 0.067% (0.009) for each 21-day cycle during

the period evaluated. Annual, semi-annual, and trimestral IR peaks were detected using

autoregressive integrated moving average analysis. Most of these variations, however,

were considered minimal and likely not of economic concern for commercial herds. Insemi-

nation risk was greatest during autumn, but did not differ among winter, spring, and summer.

Insemination risk was not associated with herd milk yield per season, incidence risk of masti-

tis during first 21 days in milk, proportion of primiparous cows in the milking herd, or volun-

tary waiting period of multiparous cows. Herds that housed lactating dairy cows in dry-lots

had IR 2.4 percentage points greater than free-stall herds. In addition, mortality during the

first 60 days in milk, and category of voluntary waiting period for primiparous cows were

associated with IR. In conclusion, seasonal variability in IR was minimal, with increased val-

ues observed during the autumn. Insemination risk was greater for dry-lot than free-stall

herds. In addition, reduced mortality of lactating cows by 60 days in milk and longer volun-

tary waiting period for primiparous cows seem to favor greater IR.

Introduction

Adequate identification of estrus is crucial to achieve satisfactory reproductive performance in

dairy farms [1, 2]. Ineffective identification of estrus has a negative impact on insemination

PLOS ONE | https://doi.org/10.1371/journal.pone.0217080 May 15, 2019 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: A. Scanavez AL, Arruda AG, Stevenson

JS, D. Mendonça LG (2019) Evaluation of seasonal

patterns and herd-level traits associated with

insemination risk in large dairy herds in Kansas.

PLoS ONE 14(5): e0217080. https://doi.org/

10.1371/journal.pone.0217080

Editor: Juan J. Loor, University of Illinois, UNITED

STATES

Received: January 31, 2019

Accepted: May 5, 2019

Published: May 15, 2019

Copyright: © 2019 A. Scanavez et al. This is an

open access article distributed under the terms of

the Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All files are available

from the database in a public repository (Open

Science Framework). The DOI to access the data

set is: DOI 10.17605/OSF.IO/3E8ZM (https://osf.io/

3E8ZM/).

Funding: Funding for this study was provided by

the Kansas Dairy Commission (ksdairy.com) to

ALAS. The funder had no role in study design, data

collection and analysis, decision to publish, or

preparation of the manuscript.

http://orcid.org/0000-0003-2338-9525
https://doi.org/10.1371/journal.pone.0217080
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217080&domain=pdf&date_stamp=2019-05-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217080&domain=pdf&date_stamp=2019-05-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217080&domain=pdf&date_stamp=2019-05-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217080&domain=pdf&date_stamp=2019-05-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217080&domain=pdf&date_stamp=2019-05-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217080&domain=pdf&date_stamp=2019-05-15
https://doi.org/10.1371/journal.pone.0217080
https://doi.org/10.1371/journal.pone.0217080
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.17605/OSF.IO/3E8ZM
https://osf.io/3E8ZM/
https://osf.io/3E8ZM/
http://ksdairy.com


risk (IR), resulting in extended intervals from parturition to first service [3], increased interval

between inseminations [4], and reduced profitability in dairy operations [5]. Despite the rec-

ommendation that IR should be greater than 60% for dairy herds [6], considerably poorer

results have been reported [2, 7].

Herd IR is influenced by expression and subsequent detection of estrus and can be affected

by several factors. In an experiment comparing estrous behavior in two housing systems,

Palmer et al. [8] demonstrated that lactating cows housed in free-stall facilities express less evi-

dent signs of estrus than cows managed on pasture. In addition, Vailes and Britt [9] suggested

that footing surface can impact expression of estrus. Shorter duration and fewer mounting

events during estrus also are associated with high milk yield [10] and lameness [11]. Further-

more, expression of estrus is suppressed during periods of heat stress [12–15], which could

lead to poor estrus-detection risk [16] and IR.

In many herds, daily observation for signs of estrus is improperly performed [16]. In order

to facilitate this task and improve accuracy of detection, various strategies have been adopted

[4], such as pressure-sensitive patches [17], pedometers [18], and activity monitoring systems

[19]. Although growing interest in adoption of these technologies has occurred, many large

dairies in the U.S. rely on applying paint or chalk on the tail head of cows for detection of

mounts received [16]. In a recent study conducted by our research group with heat-stressed

cows [20], more than 89% of first inseminations were based on tail paint removal, which

occurred between 53 and 84 days in milk. Therefore, it is plausible to infer that greater IR may

be achieved in dairies with efficient reproductive management that rely largely on tail paint

removal for insemination, regardless of season of the year.

Several studies evaluated expression and identification of estrus at the cow level [8, 21, 22],

but limited data exist regarding estrus identification parameters at the herd level (e.g., IR). It is

unclear whether reduction of expressed estrus during the warm season of the year compromises

IR at the herd level. A recent report [23] presented evidence that reduction in IR during the

summer is subtle in large dairies. In this study, annual average IR for 25 herds was 66% in 2015,

and during the summer IR was only 2.6 percentage units worse than IR achieved for the

remainder of the year. Therefore, it is possible that reduced estrual behavior of dairy cows dur-

ing summer can be compensated by management practices such as performing tail painting to

increase estrous detection, resulting in modest variations in IR across the year. In addition, it is

not clear how housing systems for lactating dairy cows influence herd-level IR across different

seasons. Because herds in the Great Plains of Kansas have a variety of housing systems, excellent

reproductive performance (e.g., annual 21-day pregnancy risk greater than 22% [6, 23]), and

cows are subjected to heat stress conditions [23, 24], this region and cohort of herds present

ideal conditions for studying herd-level aspects related to reproductive success across seasons.

The objectives of this study were to use data from large dairy farms located in Kansas to

describe temporal patterns of IR, and to investigate the association between IR and several fac-

tors, including housing, milk yield, voluntary waiting period (VWP), proportion of primipa-

rous cows in the milking herd, mastitis incidence, and mortality. We hypothesized that IR

would be: (1) without seasonal peaks or nadirs; (2) greater in dry-lot facilities compared with

free-stall herds; and (3) negatively associated with milk yield, mastitis incidence, mortality,

and proportion of primiparous cows in the milking herd, and positively associated with VWP.

Materials and methods

Inclusion criteria

Dairy herds located in Kansas (n = 9) with a minimum of 1,500 lactating cows, with at least 6

years of records and that were enrolled in the Kansas State University extension program to
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monitor herd performance were eligible to be enrolled in the study. Only herds that achieved

IR� 60% during 2017 were included in the study population. Among these herds, housing

systems for lactating cows were either dry-lot corrals (n = 5) or free-stall facilities with access

to dirt exercise lots (n = 4). All herds used artificial insemination (AI) as the exclusive method

of breeding, and recorded information daily in on-farm management software (Dairy Comp

305, Valley Ag Software, Tulare, CA). Differences observed in reproductive management

among herds included frequency of pregnancy diagnosis, VWP, days in milk at which non-

inseminated cows were submitted to a timed AI program for first service, and synchronization

programs. Although reproductive programs were dissimilar among herds, the majority of

inseminations were performed based on tail paint removal in all herds. A small proportion of

inseminations were coded as timed AI in the management software, which ranged from 3 to

32% with an overall average of 13% across herds. Minor changes occurred in reproductive

management of each herd during the period analyzed in this study. These changes included

alterations in VWP and, to a lesser extent, synchronization programs.

The researchers did not apply treatments or have contact with animals during any phase of

this study. All data used were extracted from a database of records from dairy herds. Therefore,

approval from an animal research ethics committee was not required for completion of this

observational study.

Variables of interest and data collection

Insemination risk was the outcome of interest and was calculated in Microsoft Excel (Micro-

soft Corp., Redmond, WA) using the following formula: IR = number of cows inseminated

during a 21-day period divided by the number of cows eligible to be inseminated during the

21-day period. Values for the calculation of IR were extracted from the on-farm management

software. Cows were considered eligible to AI based on: (1) VWP of primiparous and multipa-

rous within each herd; (2) non-pregnancy status; (3) not elected to be culled at the end of lacta-

tion; and (4) remaining in the herd for at least 11 days of the specific 21-day cycle being

analyzed. All inseminations performed in a given 21-day cycle were considered for IR calcula-

tion, regardless of being performed based on estrous detection or timed AI. Three herds prac-

ticed different VWP for primiparous (lactation = 1) and multiparous (lactation > 1) cows.

Therefore, VWP was adjusted by parity within herd. Data from December 2012 to November

2017 were extracted and 21-day cycles were numbered from 1 to 17 for each year. Within each

year, the first 21-day cycle was calculated starting on December 1st, and the 17th cycle starting

on November 2nd. Cycles were categorized by season of the year based on the majority of days

in a cycle occurring in a given season: winter (cycles 1 through 4); spring (cycles 5 through 9);

summer (cycles 10 through 13); or autumn (cycles 14 through 17).

Explanatory variables explored were housing systems (dry-lot vs. free-stall), VWP (in days)

of primiparous (VWP-P) and multiparous (VWP-M) cows, season of the year (winter, spring,

summer, and autumn), proportion of primiparous cows in the milking herd (% primiparous),

herd milk yield per season (in kg), and herd incidence risk of mastitis during the first 21 days

in milk (% mastitis) and mortality during the first 60 days in milk (% dead). Proportions of

primiparous cows in the milking herd and incidence risks of mastitis and mortality also were

extracted in a 21-day timeframe to coincide with the 21-day cycles previously described (cycles

numbered 1 to 17). For regression analyses, weighted averages of the variables were calculated

for each season. Milk yield was recorded monthly at each dairy, and weighted averages were

calculated for each season. Voluntary waiting periods of primiparous and multiparous cows

were evaluated for each season and were categorized as:< 50, 50 to 54, 55 to 59, or� 60 days

in milk.

Seasonal patterns and herd-level traits associated with insemination risk in large dairy herds
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Statistical analyses

Descriptive data. Continuous data were screened for normality with histograms using

Stata/IC 15.1 (StataCorp LLC, College Station, TX). Mean (SD) number of cows, VWP-P,

VWP-M, % primiparous, milk yield, % mastitis, and % dead during the period of the study

were calculated for each herd. In addition, descriptive data stratified by production system

(e.g., dry-lot or free-stall) were also explored.

Time-series analysis. Cycles of 21 days were selected as the measurement unit for analysis

of trends and seasonal effects of IR because this interval is widely adopted in the dairy industry

for monitoring IR and overall reproductive efficiency. Insemination risk in each cycle was the

outcome of interest. Data from all herds were combined, and a total of 85 cycles between

December 2012 and November 2017 were available for analyses. Trends and seasonal effects

on IR were assessed using autoregressive integrated moving averages (ARIMA), as previously

described [25, 26]. Raw and decomposed IR by cycle data were plotted to allow for visual

inspection of trends and seasonality. Autocorrelation (ACF) and partial autocorrelation plots

were generated to assess correlations among residuals. Using ARIMA modeling with temporal

trends as covariates, presence of annual, semiannual, and trimestral seasonality was tested

using multivariable linear regressions models. Variables with p-value > 0.10 were excluded

from the base model by backwards elimination. The final ARIMA model was selected based

on lowest Akaike Information Criterion (AIC), and was assessed with the Box-Pierce test. To

ensure the final model resulted in a stationary series, residuals correlations were again

screened using ACF and partial ACF. Analyses were conducted using the ‘forecast’ package

[27] of RStudio 1.0.44 (RStudio, Boston, MA).

Regression model. Data used for the regression analyses were collected at the herd level.

A causal diagram containing the outcome (IR), the main explanatory variable of interest

(housing type), and other variables investigated was drawn to aid identification of possible

confounders. Linearity between continuous predictors and IR was visually inspected using the

lowess procedure of Stata, and statistically assessed using the reg procedure. Presence of multi-

collinearity among study variables was evaluated using the Spearman correlation coefficient.

Two variables were considered correlated when the coefficient of correlation was > 0.8, which

did not happen for any of the combinations of variables tested. Univariable linear regression

analyses using IR as dependent variables were conducted for each predictor using dairy as ran-

dom effect in Stata. Variables with p-value > 0.20 were deemed not significant and were not

eligible to be included in the base model, unless they were identified as confounders on the

causal diagram.

Remaining variables were included in the base model using dairy as a random effect, and

backwards elimination was used to exclude nonsignificant variables. Statistical significance

was defined as p-value� 0.05 and tendencies as 0.05< p� 0.10. Distribution of best linear

unbiased residuals was assessed to evaluate the final model’s fit by plotting them in Stata and

visually inspecting for normality.

Results

Mean (SD) number of cows and IR were 4,578 (2,028) and 67.6% (4.0), respectively. Further

descriptive data stratified by housing type are presented on Table 1.

Mean IR with a 95% confidence interval for each 21-day cycle for the herds is depicted in

Fig 1. Insemination risk increased (p< 0.01) on average (SE) 0.067% (0.009) for each 21-day

cycle in the time series analyzed. In addition, annual, semi-annual, and trimestral IR peaks

were detected (Table 2). The final ARIMA model showed an overall good fit, with p-

value = 0.83 in the Box-Pierce test. Model fit is shown in Fig 2.

Seasonal patterns and herd-level traits associated with insemination risk in large dairy herds
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The final multivariable mixed effect regression model showed that milk yield, % mastitis, %

primiparous, and VWP-M were not associated (p< 0.16) with IR. The variables retained in

the final multivariable regression model were housing system, season of the year, % dead, and

VWP-P. Lactating dairy cows housed in dry-lots had greater (p> 0.01) IR than free-stall herds

(Table 3). Insemination risk was associated with season of the year because IR was greatest

during autumn. Nonetheless, IR did not differ among winter, spring, and summer (p> 0.16).

In addition, % dead and VWP-P were associated (p< 0.01) with IR (Table 3).

Discussion

Insemination risk is a key performance indicator that directly affects pregnancy risk and has a

significant impact on profitability of dairy herds [5]. Because previous peer-reviewed literature

indicates that estrous expression is reduced during periods of heat stress [13–15], IR is anec-

dotally considered to be seasonal, despite the lack of herd-level investigations to support this

speculation. Recent findings [23] indicate that seasonal variation in IR might be minor in large

dairy herds achieving IR> 60%. Nonetheless, time series analysis was not conducted in the

previous report [23], limiting major inferences. Therefore, the present study was conducted to

evaluate the existence of seasonal patterns of IR in large dairy herds by using time series analy-

sis, and to investigate other herd-level factors associated with IR.

In the current study, overall IR for the enrolled herds showed an increasing trend during

the 5-year period analyzed (2012 through 2017). Previous reports demonstrated contrasting

trends, with IR reducing over time [7]. The latter study, however, was conducted using data

collected between 1985 and 1999, when specific practices and technologies, such as tail paint-

ing for estrous detection or timed AI, were not yet widely employed. Substantial changes have

recently occurred in the dairy industry with implementation of modern management practices

focusing on improving animal health, welfare, and fertility, which likely contributed to

improvements in IR observed during recent years [23]. Contrary to our initial hypothesis, our

data revealed seasonal patterns of IR, which was consistent during winter, spring, and summer,

but increased during autumn. Even though the time series analysis suggested annual, semi-

annual, and trimestral peaks, most of these variations seem to be minimal and likely not mean-

ingful for commercial herds. We speculate that the increased IR during autumn might have

occurred as a consequence of poor fertility commonly observed during summer [28], which

results in more cows eligible to be inseminated during autumn. In addition, a large proportion

of calvings commonly occur during summer months in dairy herds affected by heat stress

Table 1. Descriptive data for the nine large Kansas dairy herds enrolled in this study. Data are presented as mean (SD, minimum, maximum).

Housing

type

Number of lactating

cows

Insemination risk

(%)

VWP-P1 (days) VWP-M2 (days) % primiparous3 Milk yield (kg/

cow/day)

% mastitis4 % dead5

Dry-lot 4,633 (2,637, 1,596,

9,562)

68.8 (4.2, 55.7, 74.6) 53.9 (6.5, 45.0,

65.0)

50.3 (2.5, 48.0,

58.0)

40.1 (3.0, 30.5,

46.3)

32.6 (2.1, 28.4,

36.9)

3.8 (2.5, 0.3,

14.7)

3.2 (1.7, 0.7,

8.2)

Free-stall 4,509 (773, 2,755,

5,693)

65.9 (3.3, 57.9, 75.7) 53.1 (4.0, 50.0,

65.0)

52.9 (3.7, 50.0,

65.0)

42.6 (3.5, 35.9,

49.9)

34.6 (2.2, 29.8,

39.9)

4.8 (2.6, 1.4,

15.7)

3.0 (1.2, 1.0,

7.0)

All herds 4,578 (2,028, 1,596,

9,562)

67.6 (4.0, 55.7, 75.7) 53.6 (5.5, 45.0,

65.0)

51.4 (3.3, 48.0,

65.0)

41.2 (3.4, 30.5,

49.9)

33.5 (2.3, 28.4,

39.9)

4.3 (2.6, 0.3,

15.7)

3.1 (1,5, 0.7,

8.2)

1 Voluntary waiting period of primiparous cows
2 Voluntary waiting period of multiparous cows
3 Proportion of primiparous cows in the lactating herd
4 Herd incidence risk of mastitis within 21 days in milk
5 Mortality of lactating dairy cows during the first 60 days in milk

https://doi.org/10.1371/journal.pone.0217080.t001
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Fig 1. Insemination risk of 9 large dairy herds located in Kansas. Black solid line represents mean insemination risk, and gray dotted lines represent 95%

confidence interval for 21-day cycles (n = 85) starting December 1, 2012 through November 2, 2017.

https://doi.org/10.1371/journal.pone.0217080.g001

Table 2. Final autoregressive integrated moving average (ARIMA) model1 used to evaluate presence of seasonal

peaks in insemination risk in large dairy herds located in Kansas.

Item Fixed effect estimate SE p-value

Intercept 64.56 0.45

Overall trend 0.07 0.01 < 0.01

Annual peaks 1.22 cos (2πt/17) 0.21 < 0.01

0.58 sin (2πt/17) 0.22 < 0.01

Semi-annual peaks 0.31 cos (2πt/8.5) 0.19 < 0.01

-1.27 sin (2πt/8.5) 0.19 0.11

Trimestral peaks 0.62 cos (2πt/4.25) 0.18 0.96

0.01 sin (2πt/4.25) 0.18 < 0.01

Yt 0.84Yt-1 0.13

Zt—0.72 Zt-1 0.15

1 ARIMA type = (1,0,1). AIC = 301.3

https://doi.org/10.1371/journal.pone.0217080.t002
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[29], resulting in an increased number of cows submitted to first AI during autumn. Therefore,

it is possible that IR is increased after summer because of more pronounced sexual behavior

resulting from a greater proportion of cows in estrus during the same period [30], facilitating

estrous detection and increasing IR. The IR difference between summer and autumn was not

nearly as large as the decrease in estrous expression previously reported in cows under heat

stress [12, 31]. Therefore, we speculate that the reduced estrous expression observed at the cow

level during summer months might be compensated by management practices such as daily

observation of cows for signs of estrus or use of tail painting, resulting in minimal disturbance

to herd-level indicators of estrous expression, such as IR.

In addition to exploring occurrence of seasonal trends, the present study was designed to

investigate the relationship between herd-level characteristics and IR. As initially hypothesized,

IR was greater for dry-lot compared with free-stall herds. Vailes and Britt [9] demonstrated

that mounting activity was 3 to 15 times greater when cows were in estrus on a dirt surface

compared with cows housed on concrete. Vailes and Britt [9], however, used estrogen-treated

ovariectomized cows, and a small sample size, which prevents extrapolation of conclusions to

commercial settings. Furthermore, Palmer et al. [8] concluded that estrous detection using

visual observation, tail painting, or radiotelemetry were less effective when cows were in free-

Fig 2. Time series model fit. Black and blue lines represent actual and estimated values for insemination risk, respectively.

https://doi.org/10.1371/journal.pone.0217080.g002
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stall facilities compared with cows in pasture paddocks. According to the latter study, such dif-

ference was observed because standing behavior was reduced in cows managed in the free-stall

barns. The difference in IR between free-stall and dry-lot herds was minor in our study (−-

2.4 ± 0.8%). We speculate that the reduced expression of estrous behavior in free-stall herds

was partially compensated by efficient estrus-detection programs, and consequently, only sub-

tle differences were observed among cows in different housing types.

Health during the first weeks of lactation is an important determinant of reproductive suc-

cess in dairy operations [32]. In the current study, however, % mastitis was not associated with

herd-level IR. In research projects conducted with grazing [33] and confined dairy cows [34],

researchers concluded that cows presenting mastitis during the first postpartum weeks did not

present delayed resumption of luteal activity, which supports our findings. It is important to

note that others [33, 34] focused on cow-level outcomes instead of the herd-level approach

used in the current study. Nevertheless, these studies clearly demonstrate the deleterious

effects of other postpartum health disorders on resumption of luteal activity [33, 34], which

can potentially affect IR. Another interesting finding from the current study was the negative

association between % dead and IR. Considering that health status of early lactating cows likely

influences % dead, it is possible that an increased percentage of cows with health disorders had

negative implications on estrous expression [35], and ultimately, affected IR. A recent report

[36] indicated that % dead is associated with pregnancy per AI of multiparous cows in large

commercial herds. Nevertheless, to the best of our knowledge, studies focusing on the relation-

ship between mortality during the first 60 days after calving and IR are still lacking.

Proportion of primiparous cows (% primiparous) in the lactating herd was not associated

with IR of the herds used in the study. This finding is intriguing considering that primiparous

cows are expected to have delayed resumption of luteal activity. Primiparous cows have greater

Table 3. Final multivariable linear regression model used to evaluate the association of various herd-level factors

and insemination risk in large dairy herds located in Kansas.

Item Fixed effect estimate (SE) 95% CI3 for fixed effect estimate p-value

Intercept 72.4 (1.2) 70.0 to 74.8

Housing system

Dry-lot Referenta

Free-stall -2.4 (0.8)b -3.9 to -0.90 < 0.01

Season of the year

Autumn Referenta

Winter -1.79 (0.5)b -2.9 to -0.7 < 0.01

Spring -1.7 (0.5)b -2.8 to -0.7 < 0.01

Summer -2.5 (0.6)b -3.6 to -1.4 < 0.01

% dead1 -1.1 (0.2) -1.5 to -0.8 < 0.01

VWP- P category2

45 Referentab

50 1.0 (1.2)a -1.3 to 3.4 0.38

55 -0.7 (1.3)b -3.2 to 1.9 0.61

60 4.0 (1.2)c 1.6 to 6.4 < 0.01

1 Mortality of lactating dairy cows from parturition until 60 days in milk
2 Category of voluntary waiting period for primiparous cows: 45 = 45 to 49 days in milk; 50 = 50 to 54; 55 = 55 to 59;

60 = 60 to 65
3 Confidence interval
a,b,c Values within a column-item with unlike superscript letters differ (p-value < 0.05)

https://doi.org/10.1371/journal.pone.0217080.t003
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postpartum concentrations of non-esterified fatty acids in plasma than multiparous cows [37].

Increased concentration of non-esterified fatty acids is linked to negative energy balance,

which is associated with delayed ovarian function (anovulation) and results in primiparous

cows being more likely to be anovulatory at the end of the VWP than multiparous cows [38].

Nonetheless, an increased proportion of primiparous cows did not have a reduced IR. We

speculate that negative energy balance was not excessive in these herds and prevented % pri-

miparous cows from contributing negatively to IR. Because a positive relationship exists

between proportion of cows resuming luteal activity and days postpartum, VWP duration was

explored as a risk factor for decreased IR. In the current study, VWP was positively associated

with IR for primiparous, but not for multiparous cows. Periparturient primiparous cows are

more likely to develop metritis than multiparous cows [39], which is a risk factor for cows to

not resume luteal activity [33, 34]. Findings from the current study corroborate with results

reported by Santos et al. [38], who demonstrated that a smaller proportion of primiparous

than multiparous cows resumed luteal activity by 65 days in milk. Altogether, it is likely that

extending VWP for primiparous cows favors IR. In addition, use of ovulation-synchronization

programs for first AI for all primiparous cows enrolled in programs with extended VWP may

have caused a greater proportion of cows to be inseminated for the first time shortly after the

end of the VWP, also increasing IR.

No association was detected between milk yield and IR in the study population. In a study

conducted with cows with high milk yield, reduced number and shorter duration of standing

events during estrus were reported [10]. Reduced intensity of sexual behavior may theoretically

pose a challenge for estrous detection, given the reliance on tail paint removal in the U.S. to

detect cows in estrus [16]. The number of mounts or total duration of mounting events to trig-

ger estrous detection aids (e.g., tail paint removal) has not been quantified and would depend

on the product used. Therefore, it is possible that the negative association of increased milk

yield on estrous behavior is not sufficient to decrease estrus-detection risk in herds similar to

the ones enrolled in this study, resulting in satisfactory IR. Nonetheless, it is important to con-

sider that average milk yield of the herd was used in the analyses of the current study, which

differs from other reports that used a cow-level approach to study the association between pro-

ductivity and estrus expression [10, 40]. It is important to acknowledge that milk yield of the

herds used in this study is lower than previously reported in the literature [10, 22]. It is possible

that an association between IR and herd-level milk yield exists in herds with increased milk

production, which should be investigated in future studies.

The authors recognize that inclusion of herds located in various geographic areas would

have increased the external validity of the present study. It is important to note, however, that

approximately 42% of the herds with more than 500 cows in the U.S. house lactating cows in

similar facilities as the herds used in this study [41]. In addition, this cohort of herds is pro-

jected to grow considerably faster than smaller herds in the future [41], which should augment

the external validity of our findings. We also recognize the possibility of misclassification of

mastitis cases, given that diagnoses were performed by farm personnel and clinical definition

could vary slightly among herds. To the best of our knowledge, this is the first peer-reviewed

report to demonstrate that various herd-level characteristics are associated with IR. In addi-

tion, findings of the current study show the inverse relationship between IR and postpartum

mortality of lactating cows, which indicates the benefit of optimizing overall herd health to

have a successful reproductive program.

In conclusion, seasonal variability in IR was minimal in the population studied and

increased values were observed during the autumn. Insemination risk was greater for dry-lot

than free-stall herds. In addition, reduced mortality of lactating cows by 60 days in milk and

longer VWP for primiparous cows were positively associated with IR. Further research is
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warranted to evaluate the association of other factors with IR and to validate our findings in

other geographic areas and production systems.
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