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Effect of milk production on reproductive performance in dairy herds
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ABSTRACT

The objective of the present study was to assess the
relationship between individual cow milk yield and
fertility, accounting for the contextual effect of the
herd. A data set including 657,968 lactations from 677
dairy herds in Argentina from 2001 to 2012 was used.
The odds of pregnancy by 100 d in milk (DIM) were
assessed by a multilevel logistic model (with cow as
the first and herd as the second hierarchical level),
and time to pregnancy was assessed by a proportional
hazards regression model. Multilevel logistic models in-
cluded the fixed effects of milk yield by 80 DIM, parity,
year, and calving season at cow level and quartiles of
herd milk yield by 80 DIM as a contextual effect. The
proportional hazards model included the effect of daily
cow-level milk yield as time-dependent variable, with
milk yield at herd level as the stratification variable.
Cows producing 1 standard deviation over the mean
milk yield of their herd had 1.3 percentage point lower
pregnancy by 100 DIM (from 31.4 to 30.1%; odds ratio
= 0.942) when in herds in the top quartile of milk yield,
whereas they increased 0.5 percentage points (from 27.9
to 28.4%) when in herds in the lowest quartile of milk
yield. Only 4% of the observed variation in pregnancy
by 100 DIM was explained by the random effect of the
herd. Similarly, cows producing 1 standard deviation (8
kg/d) greater than the herd mean daily milk had 1.3%
lower hazard of pregnancy (hazard ratio = 0.987) at 63
DIM in herds in the top quartile of milk yield, whereas
they had 14.8% higher hazard (hazard ratio = 1.148)
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in herds in the lowest quartile of milk yield. The mag-
nitude of the negative association between the cow’s
daily milk yield and the hazard of pregnancy increased
with DIM. In conclusion, the relationship between milk
yield and reproductive performance is statistically sig-
nificant, but the effect size is practically small and is
modulated by herd production level.
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INTRODUCTION

The dairy industry in Argentina has undergone sub-
stantial changes during the last 25 yr. Traditionally,
the dairy industry has heavily relied on grass for milk
production, but in the 1990s an important intensifica-
tion took place. As a consequence of that process, the
national milk production per year increased from 6,000
to 10,000 million kg, whereas the number of herds de-
creased from 30,141 to 15,000 and the average herd size
increased from 67 to 134 cows. This improvement in
productivity was accompanied by an increase in stock-
ing rate per hectare, whereas the average individual
milk yield increased only from 8.5 to 11.5 kg/d. Con-
versely, between 2002 and 2012 the average individual
milk yield increased from 11.5 to 18.5 kg/d, whereas the
total dairy cow population decreased from 2,005,000 to
1,748,000 (Parellada and Schilder, 1999; Taverna, 2013).
This intensification in the use of agricultural resources
during recent decades, a worldwide trend, has led to an
increase in productivity (FAO, 2005). During the same
period, there was a decline in some measures of the fer-
tility of dairy cows (Lucy, 2001; Butler, 2003; Melendez
and Pinedo, 2007; Piccardi et al., 2013). Therefore, some
researchers have proposed an antagonistic relationship
between milk yield and fertility (Lucy, 2001; Butler,
2003). Many studies have addressed this controversial
topic with inconsistent approaches and results. Some
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Table 1. Descriptive data about number of herds, dairy cows per herd, milk yield at 305 DIM, and pregnancy
by 100 DIM for the 12-yr period (2001-2012) used in the study’

Herds Cows® Mean Milk305 PREG100 (%)
Year (no.) (minimum-maximum) Median (IQR) Median (IQR)
2001 163 141 (26-660) 5,950 (5,091 6,911) 33 (26-41)
2002 175 145 (26-714) 5,767 (4,961-6,738) 31 (23-40)
2003 271 138 (26 802) 6,390 (5,520-7.378) 30 (23-38)
2004 320 151 (27-917) 6,923 (5,9697,939) 32 (23 41)
2005 307 138 (26 987) 7,140 (6,158 8,180) 31 (2540)
2006 463 147 (26-1,221) 7,189 (6,211 8,290) 30 (25-40)
2007 503 148 (26-1,267) 7,105 (6,129 8,186) 28 (20-35)
2008 530 155 (26-1,111) 7,360 (6,339 8,493) 28 (20-37)
2009 522 167 (26-1,339) 7417 (6,423 8,541) 28 (19-34)
2010 519 172 (27-1,506) 7,910 (6,832 9,116) 30 (23-36)
2011 526 186 (26-1,648) 8,153 (7,089-9.351) 29 (21-35)
2012 476 188 (27-1,673) 7,697 (6,695 8.835) 27 (20-34)

"The mean number of lactations per cow was 2.03 (range = 1-11), and the mean number of years per herd in

the study was 6.89 (range = 1-12).

“Number of lactations that commenced per herd per year.
*Raw milk yield in 305 DIM per herd per year, expressed in kilograms; median and interquartile range (IQR;

25th to 75th percentile).

*Percentage of cows pregnant by 100 DIM per herd per year; median and interquartile range (IQR; 25th to

75th percentile).

found some negative associations (Eicker et al., 1996;
Grohn and Rajala-Schultz, 2000; Lucy, 2001; Butler,
2003; Melendez and Pinedo, 2007; Madouasse et al.,
2010; Piccardi et al., 2013), whereas others reported
a positive relationship (Rajala-Schultz et al., 2001;
Campbell et al., 2009; Cook and Green, 2016). These
inconsistencies could be the result of biased indicators
(i.e., measures of production and reproduction) used
(LeBlanc, 2010), selection bias due to management
decisions in studies performed in commercial dairy
herds (Morton, 2006), or the way multilevel data were
handled by researchers (Bello et al., 2012). Multilevel
models allow us to assess contextual effects by includ-
ing a higher-level predictor that represents the effect
of the context or group to which individuals belong
(Snijders and Bosker, 2012). We can use this analysis to
separately estimate the relationship between milk yield
and reproductive performance at cow and herd levels.
The relationship at the herd level (the herd contextual
effect) may differ in magnitude and even direction from
the relationship at the cow level.

Our working hypothesis was that milk yield and re-
productive performance in dairy cows are not necessar-
ily antagonistic and that this relationship is influenced
by the effect of the herd. Hence, the main objectives of
this study were to assess the relationship of cow-level
milk yield with reproductive performance and whether
that association changes with the level of herd milk
production and to estimate the magnitude of herd con-
textual effect. An additional objective was to estimate
the trend of indicators of reproductive performance
over time in Argentinean dairy herds.
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MATERIALS AND METHODS
Data Set

A retrospective longitudinal study was conducted us-
ing a data set including dairy herds from the province
of Buenos Aires, Argentina. Production, reproduction,
and health information was gathered by the official
dairy herd improvement association (Asociacién de la
Regional Pampeana de Entidades de Control Lechero).
Data for all the lactations (“cow” is used to mean
“lactation”) started between January 1, 2001, and
December 31, 2012 (1,573,593 cows from 862 herds),
were extracted from commercial software (DIRSA
S.A., Gonnet, Argentina). Descriptive data about herd
numbers, herd size, herd’s milk yield at 305 DIM, and
herd’s pregnancy rate by 100 DIM are shown in Table
1 and Figure 1, and descriptive data about pregnancy
rate per 21-d period for all the cows included in the
study are shown in Figure 2.

Lactation and Herd Selection

Only lactations with valid reproductive and milk
production data were included in the study. Lactations
were considered as having valid reproductive records
when they met all the following criteria: (1) they had
at least 1 AI recorded; (2) for lactations with a record
of a subsequent calving, it was required that they had
a recorded Al between 260 and 290 d before that new
calving; and (3) cows with no record of new calving but
with a positive pregnancy diagnosis were considered
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Figure 1. Herd median corrected 305-d milk yield mean (®) and proportion of cows pregnant by 100 d (H) over a 12-yr period (2001-2012)

in 677 dairy herds from Buenos Aires Province, Argentina.

as valid only if they had a record of culling, sale, or
death after the pregnancy diagnosis. Otherwise, these
lactations were not considered as having a valid repro-
ductive record. Lactations were considered as having
valid milk production records when they had at least 2
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Figure 2. Probability of pregnancy per 21-d period for 657,968
lactations from 677 dairy herds located in Buenos Aires Province,
Argentina, over a 12-yr period (2001-2012).

monthly milk tests (with fat and protein) a maximum
of 40 d apart by 80 DIM. Also, herd-year had to have
at least 50% of cows with valid reproduction and milk
production records to be included in the study. A set of
657,968 out of 1,576,593 cows from 677 out of 862 herds
was included in the statistical analysis. A flowchart
with data validation is shown in Figure 3.

Data Management

Measures of milk production and reproductive per-
formance were calculated as follows. For all the cows
having a recorded calving, pregnancy date was defined
as the date of last service before that parturition. For
all the cows having a positive pregnancy diagnosis but
without a record of calving, because they were culled
or died after that positive pregnancy diagnosis, the
date of last service was used to define their pregnancy
date. Pregnancy risk period and pregnancy by 100
DIM (PREG100; yes or no) were calculated to assess
reproductive performance. The pregnancy risk period
was defined as the interval from calving to successful
AT for pregnant cows or the interval from parturition
to last service for nonpregnant cows. For descriptive
purposes, pregnancy per 21-d period was estimated as
all cows pregnant every 21-d period after the voluntary
waiting period divided by all the nonpregnant cows at
risk of pregnancy in the same periods (Figure 2). The
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Lactations (n: 1,576,593) and herds (n: 862)
in the data set (period: 2001 - 2012)
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herds (n: 185) not included
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(n: 334,800)
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Non Al records
(n: 235,481)
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(n: 112,091)
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Figure 3. Flowchart showing validation of a data set containing production and reproduction records over a 12-yr period (2001-2012) from
1,576,593 lactations from 862 dairy herds located in Buenos Aires Province, Argentina. The data set was validated in the following order: (1)
invalid reproductive records, (2) invalid productive records, and (3) invalid herd-year records. To be considered valid, a record must meet all
the criteria. Reproductive records were validated in the following order: (1) non-Al records, (2) gestation length, and (3) pregnancy without

calving, cull, sale, or death records.

voluntary waiting period was defined as the DIM by
which 10% of cows in the herd-year had received their
first insemination (Miller et al., 2007). Calving seasons
(southern hemisphere) were summer (December 21 to
March 20), fall (March 21 to June 20), winter (June 21
to September 20), and spring (September 21 to Decem-
ber 20). The cumulative raw milk yield (in kg) by 80
DIM (CM80) was estimated by the test interval meth-
od (Sargent et al., 1968) for all cows having at least 2
monthly milk tests by 80 DIM (with fat and protein
percentages measured with a mid-infrared instrument;
ISO 9622:99; 1SO, 1999). For each herd-year the mean
CMB&0 for all the cows calving each calendar year in the
same herd was estimated and named HMS80. Then,
HMS80 was divided into quartiles. Finally, CM80 was
centered on HM80 and expressed as standard deviation
from their particular herd-year mean.

The total net energy secreted in milk by 80 DIM
(CE80) was estimated with the following formula:
[(0.038 x g of crude fat 4+ 0.024 x g of CP + 0.017)
x kg of milk]/3.14 (RAP, 1999). For every herd-year
the mean CE80 and herd milk energy output by 80
DIM (HES80) for all the cows calving that year in the
same herd were estimated. Then, HES0O was divided
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into quartiles. Finally, CE80 was centered on HE80 and
expressed as standard deviation from their particular
herd-year mean.

Statistical Analysis

Two multilevel logistic regression models were fitted
to predict the probability of PREG100 by using MLwin
software (Rasbash et al., 2009). In model 1, CM80 (cow
level), HM80 (herd level), and their cross-level interac-
tion were forced to remain in the final model to assess the
cow level, herd contextual effect, and their interaction
(Snijders and Bosker, 2012). Other cow-level covariates
offered to the model were calving year (2001 to 2012),
calving season (summer, fall, winter, spring), and par-
ity (1, 2, 3, >4). The exclusion criterion for backward
elimination method was that predictors were removed if
95% credibility intervals for odds ratio (OR) included
1.00. In model 2, CM80 and HM80 were replaced by
CE80, HE80, and their cross-level interaction. The rest
of the predictors were the same. The random effect of
herd was incorporated in the model to account for the
correlation between cows within herds, considering the
variance at cow level as ’1T2/ 3, where m = 3.1416, based
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on interpreting the binary variable PREG100 as the
result of an underlying latent process with a continuous
logistic distribution (Snijders and Bosker, 2012). The
data also had other hierarchical structures as lactation
into cow and cow into herd-year, but they were not
taken into account because our 2-level model used was
enough for the aims of this study. The initial model
explorations were conducted by using penalized quasi-
likelihood, and the final models were constructed by
using Markov chain Monte Carlo with Gibbs sampling,
using default flat distributions for unbounded fixed
effects [p (B) « 1] and a vague gamma distribution
for random effect [~gamma distribution (o = 0.001,
B = 0.001); Rasbash et al., 2009]. Both Markov chain
Monte Carlo models used a burn-in of 5,000 iterations,
and the parameter estimations were based on a further
50,000 iterations, which was enough for good parameter
estimation based on Raftery-Lewis and Brooks-Draper
diagnostics. Parameters were considered statistically
significant when 95% credibility intervals for OR did
not include 1.00. Model fit was evaluated by graphical
examination of Bayesian herd-level residuals (caterpil-
lar plot of standardized residuals) and plotting the ex-
pected number of pregnant cows within each ascending
decile of fitted values (summing the fitted proportions
across all individuals falling in that decile) against the
number of pregnant cows observed within that same
decile (Green et al., 2004).

A Cox proportional hazard regression model was run
with PROC PHREG (SAS, 2016) to assess the effect
of cow daily milk yield on the hazard of pregnancy
by 200 DIM at different levels of herd milk yield. For
operational reasons (too computationally demanding),
this model was fitted on a data subset of herds obtained
with a clustered sampling design proportionally strati-
fied by year, with herds acting as clusters. Therefore,
for each year (stratum), the subset included all the
lactations from randomly selected herd-years (clusters)
that started their lactation in that year. The number
of herds selected in each year (n = 77) to ensure a
precision of 1 kg in the estimated average of herd mean
milk yield at first monthly milk test in each year was
estimated with a 95% confidence interval and assuming
a standard deviation of 4 kg in herd mean milk yield
(WinEpi, 2006). Herds were randomly selected by us-
ing random number generation (Excel, Microsoft Corp.,
Redmond, WA). Therefore, the data subset had 94,593
cows belonging to 402 herds through the 12-yr period.

Cows with a pregnancy risk period <42 DIM were
left-censored. Open cows that were culled, died, or had
a pregnancy risk period <200 DIM were right-censored
on the day of their respective event. Cows with a preg-
nancy risk period >200 DIM were right-censored at
200 DIM. Then, monthly milk test day yield (MTDY)

was included as a time-dependent covariate by using
the counting process method of PROC PHREG, con-
sidering that cow milk yield stays constant through
the period between 2 successive milk checks (Allison,
1995). Also, DIM and its interaction with MTDY were
included in the model to test the proportional hazards
assumption allowing the coefficients for MTDY to vary
by DIM, and HMS80 was considered as the stratification
variable to allow that the shape of the hazard function
is different for every quartile of HM80. The interaction
between MTDY and HMS80 was included in the Cox
model to test whether the slope for the effect of MTDY
on the hazard of pregnancy varied across quartiles of
HMS80 (Borucka, 2013). The daily hazard of pregnancy
was estimated for an increase of 1 SD in MTDY (8
kg; estimated from pooled MTDY) at the following
time points: 63, 84, 105, 126, 147, 168, and 189 DIM.
Other predictors included were calving year (2001 to
2012), calving season (summer, fall, winter, spring),
and parity (1, 2, 3, >4). These variables stayed in the
model if they had a significant effect on the hazard
of pregnancy. The Efron approximation was used for
handling ties in the data. The statistical significance of
each independent variable was tested with a Wald test,
with a robust sandwich estimate (Lin and Wei, 1989),
to take into account the herd clustering effect. In ad-
dition, the same model was fitted with inclusion of the
interaction of year by MTDY to test the repeatability
through the years. Finally, a sensitivity analysis was
performed to test the assumption of nonindependent
censoring, supposing 2 extreme situations: first, as-
suming a complete positive correlation between right-
censoring and pregnancy so that all the right-censored
cows were assumed as becoming pregnant at censor-
ing time, and second, assuming a complete negative
correlation between right-censoring and pregnancy so
that all the right-censored cows before 200 DIM were
recorded as if they were right-censored at 200 DIM.

RESULTS

The effects of CM80 and HMS80, adjusted for each
other, on the odds of PREG100 are shown in Table
2. Cow-level milk yield to 80 DIM had a conditional
effect on PREG100 such that the odds of being preg-
nant in cows in the top quartile of HM80 decreased
5.8% when their CM80 increased 1 SD over the mean of
their herd-year (OR = 0.942; Table 2). The cross-level
interaction between CM80 and HMS80 also had an effect
on PREG100, given that the increase of 1 SD in CM80
was accompanied by decreases in odds of PREG100 of
4.2 and 1.3% in cows from upper-middle and lower-
middle quartiles of HM80 (OR = 0.958 and 0.987,
respectively; Table 2). Conversely, the same increase
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Table 2. Logistic model assessing the effect of milk yield to 80 DIM at cow and herd levels on the odds
of pregnancy by 100 DIM for 657,968 lactations from 677 dairy herds located in Buenos Aires Province,

Argentina, over a 12-yr period (2001-2012)"

PREG100 CMS80? Odds 95% Credibility

Item (%) (kg) ratio interval
CM80 by HMS0"

CMS0 at top HMS0 0.942° 0.938-0.945

CMB80 at upper-middle HMS80 0.958" 0.948-0.967

CMS80 at lower-middle FIMS0 0.987" 0.977-0.996

CMB80 at bottom HMS0 1.029° 1.017-1.040
HMS80°

Top 31.4 2,490 1

Upper middle 30.1 2,160 0.955" 0.946-0.964

Lower middle 29.9 1,960 0.900° 0.890-0.910

Bottom 27.9 1,696 0.823" 0.811-0.834

"The model was adjusted by year of calving, season of calving, and parity (see Supplemental Table S1; https://

doi.org/10.3168/jds.2017-13796).
*Proportion of cows pregnant by 100 DIM.

*Mean milk yield per cow by 80 DIM (CM80) for every quartile of herd milk production by 80 DIM (HMS0).

*CMS80 at top HMSO: effect of 1 SD increase in CMS80 over the herd-year mean on the odds of pregnancy at
top HMS8O0 (referent). CM80 at upper-middle, lower-middle, and bottom quartiles of HM80: effect of 1 SD in-
crease in CM80 over the herd-year mean on the odds of pregnancy at upper-middle, lower-middle, and bottom

quartiles of HMS0.

"Monte Carlo standard error of odds ratio parameter was <0.01.

SEffects of upper-middle, lower-middle, and bottom quartiles of herd milk production by 80 DIM (for an
average-producing cow) on the odds of pregnancy (reference level = top quartile).

in CMS0 increased odds of PREG100 by 2.9% in cows
from the bottom quartile of HM80 (OR = 1.029; Table
2). Herd-level milk yield to 80 DIM also had an effect
on PREG100 given that an average-producing cow in
the upper-middle, lower-middle, or bottom quartile of
HMS0 had 4.5, 10.0, and 17.7%, respectively, lower odds
of PREG100 compared with an average-producing cow
in the top quartile of HM80 (OR = 0.955, 0.900, and
0.823, respectively; Table 2). The effects of calving year,
calving season, and parity are shown in Supplemental
Table S1 (https://doi.org/10.3168/jds.2017-13796). In
short, the odds of PREG100 decreased as parity in-
creased and were lower in spring-calving cows. Finally,
the random effect of the herd explained 4% of variation
in PREG100. The comparison between expected and
observed pregnant cows within each ascending decile of
fitted values showed that the multilevel logistic model
tended to underestimate PREG100 between 0.6 and
2.1% in all deciles but the highest, where it overesti-
mated by 1.6%.

The effects of CE880 and HES80, adjusted by each
other, on the odds of PREG100 are shown in Table 3.
Cow-level energy output in milk yield to 80 DIM had a
conditional effect on PREG100 given that the odds of
being pregnant in cows belonging to a top-quartile herd
for HES0 decreased 5.8% when their CE80 increased
1 SD over the mean of their herd-year (OR = 0.942;
Table 3). The cross-level interaction between CE80 and
HES80 also had an effect on PREG100. The increase
of 1 SD in CES80 in cows belonging to upper-middle
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and lower-middle quartiles of HE80 herds had a nega-
tive effect similar to that of cows in the top quartile
of HE80 (OR = 0.958 and 0.987, respectively; Table
3). Conversely, the same increase in CE80 for cows
belonging to herds from the bottom quartile of HE80
had 2.9% higher odds of PREG100 (OR = 1.029; Table
3). The HE80 also had an effect on PREG100 given
that a cow with average energy output in a herd in
the upper-middle, lower-middle, or bottom quartiles of
HES0 had 6, 8.2, and 9.9% lower odds of PREG100
compared with an average-producing cow from a top-
quartile herd for HE80 (OR = 0.940, 0.918, and 0.901,
respectively; Table 3).

The effect of MTDY, stratified by HMS80, on the
hazard of pregnancy is shown in Table 4. The effect
of MTDY on the hazard of pregnancy showed a nega-
tive slope with increasing DIM (Table 4). That is, an
increase of 1 SD in MTDY (8 kg/d) in cows belonging
to top-quartile herds for HM80 showed a lightly nega-
tive but nonsignificant effect at 63 DIM [hazard ratio
(HR) = 0.987, 95% confidence interval = 0.968-1.007],
but then it was significantly negative from 84 to 189
DIM (84 DIM: HR = 0.964, 95% confidence interval
= 0.944-0.984; 189 DIM: HR = 0.854, 95% confidence
interval = 0.821-0.890). In cows from bottom-quartile
herds for HESO, the effect of a 1 SD increase in MTDY
was significantly positive between 63 and 147 DIM (63
DIM: HR = 1.148, 95% confidence interval = 1.105—
1.193; 147 DIM: HR = 1.043, 95% confidence interval
= 1.002-1.086), and then that positive effect decreased


https://doi.org/10.3168/jds.2017-13796
https://doi.org/10.3168/jds.2017-13796
https://doi.org/10.3168/jds.2017-13796

MILK PRODUCTION ON REPRODUCTIVE PERFORMANCE 7

Table 3. Logistic model assessing the effect of milk energy output by 80 DIM at cow and herd levels on the
odds of pregnancy by 100 DIM for 657,968 lactations from 677 dairy herds located in Buenos Aires Province,

Argentina, over a 12-yr period (2001-2012)"

PREG100? CES0* Odds 95% Credibility

Item (%) (kJ) ratio interval
CES0 by HES0*

CES80 at top 0.942° 0.938-0.945

CE80 at upper middle 0.958° 0.946-0.970

CES80 at lower middle 0.987° 0.975-0.999

CES80 at bottom 1.029° 1.017-1.041
HES0°

Top 32.2 1,737 1

Upper middle 31.3 1,525 0.940° 0.937-0.955

Lower middle 31.4 1,384 0.918° 0.911-0.932

Bottom 29.1 1,220 0.901° 0.895-0.908

'The model was adjusted by year of calving, season of calving, and parity (data not shown).

*Proportion of cows pregnant by 100 DIM.

*Mean of milk energy output per cow by 80 DIM (CES0) for every quartile of herd milk energy output by 80

DIM (HES0).

*CES0 at top HESO: effect of 1 SD increase in CE80 over the herd-year mean on the odds of pregnancy at top
HESO (referent). CE80 at upper-middle, lower-middle, and bottom quartiles of HE80: effect of 1 SD increase in
CES80 over the herd-year mean on the odds of pregnancy at upper-middle, lower-middle, and bottom quartiles

of HES0.

"Monte Carlo standard error of odds ratio parameter was <0.01.

SEffects of upper-middle, lower-middle, and bottom quartiles of herd milk energy output by 80 DIM (for an
average cow) on the odds of pregnancy (reference level = top quartile).

to become nonsignificant at 168 DIM (HR = 1.018,
95% confidence interval = 0.974-1.064; Table 4).

Year of calving had an effect on the hazard of preg-
nancy (Table 5), and that effect varied through the
years. For example, compared with 2012, in 5 yr there
was a significant positive effect (from 7 to 11% increase
in the daily risk) for pregnancy, in 5 yr there was no
significant difference, and in 1 yr there was a significant
negative effect (7.1% decrease in daily risk) on the haz-
ard of pregnancy. In addition, the effect of MTDY was
similar through the years 2001 to 2012 (Supplemental
Table S2; https://doi.org/10.3168/jds.2017-13796).

Compared with the results obtained with the Cox
regression model run on the real data, the sensitivity
analysis showed that an increase of 1 SD in MTDY had
a greater negative effect on the hazard of pregnancy
under complete positive correlation, whereas it had a
lower negative effect on the hazard of pregnancy under
negative correlation (Supplemental Tables S3 and S4;
https://doi.org/10.3168 /jds.2017-13796).

DISCUSSION

The main hypothesis tested in this study was that
milk yield and reproductive performance in dairy cows
are not necessarily antagonistic and that this relation-
ship is influenced by the effect of the herd. In agree-
ment with our hypothesis, the effect of milk yield on
reproductive performance was small and varied with
the level of milk yield of the herd. From a practical

perspective, multilevel logistic model 1 predicted that
when cows belonged to a top-quartile HM80 increased
their CM80 by 1 SD over the mean, their PREG100
decreased 1.3 percentage points from 31.4 to 30.1%
[PREG100 risk for average-producing cow = 31.4%
(odds of referent group = 31.4%/1 — 31.4% = 0.457);
the odds for the exposed group = 0.431 (odds of refer-
ence group x 0.942); odds to percentage was performed
with formula odds/(1 + odds)], whereas with the same
increase of 1 SD in CM80 when cows belonged to a
bottom-quartile HMS&0, their PREG100 increased 0.5
percentage points from 27.9 to 28.4% (Table 2). Al-
though these effects are statistically significant, their
biological effect is almost negligible. Similarly, the Cox
regression model predicted that an increase of 1 SD
in MTDY over the mean at 84 DIM would decrease
pregnancy per 21-d period approximately from 13%
(individual risk of pregnancy for the 21-d period from
84 to 105 DIM; Figure 2) to 12.5% in a top-quartile
HMS80 herd (HR = 0.964; Table 4), whereas a similar
change would increase their pregnancy per 21-d period
from 13 to 14.5% in bottom-quartile HM80 herds (HR
= 1.121; Table 4).

Data validation was based on fulfilling the inclusion
criteria. Lack of AI records was the most important
reason of exclusion (Figure 3). This could have been
caused by farmers’ poor record keeping, management
decisions such as not breeding low-producing cows,
or short or weak estrus expression in high-producing
cows. The correlation between herd milk yield and the
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*The model was adjusted by year of calving, season of calving, and parity (data not shown).

*Herd milk production by 80 DIM stratified into quartiles.

‘Days in milk when the hazards of pregnancy were estimated.

REARTE ETAL.

percentage of cows excluded per herd (for reproductive
reasons) was r = 0.139 (P < 0.001), and the mean
difference in milk production at 305 d for included and
excluded cows was 7,081 and 6,862 kg, respectively (P
< 0.001). Despite the small associations between milk
yield and excluded cows at herd and cow levels, it is not
possible to discard the introduction of selection bias
due to the reproductive exclusion criteria used. Despite
the limitation imposed by excluding noninseminated
cows, we preferred not to introduce more imprecisions
in the parameter estimation by assigning an arbitrary
pregnancy risk period to those excluded cows.

Multilevel models were designed to incorporate
group (herd) context into an individual (cow) model
(Snijders and Bosker, 2012). This methodology allowed
us to assess the effect of milk yield on pregnancy rate
at cow and herd level and the cross-level interaction.
Also, considering milk yield as a time-dependent co-
variate allowed us to estimate the hazard of pregnancy
depending on the milk yield closest to each risk period
evaluated. It helped us to avoid the bias caused by the
negative effect of pregnancy on milk yield, given that
only cows not having the event of interest (pregnancy)
are used in the hazard estimation at each time point.
In addition, using the stratification by quartile of herd
production (HM80) and including the interaction be-
tween MTDY and HMS80 allowed us to test whether
the effect of MTDY on the hazard of pregnancy varied
across levels of HMSO0.

Descriptive data analysis showed that reproductive
performance had a negative trend over the period of
study given that the median of PREG100 was 31% for
2001 to 2006 versus 27% for 2007 to 2012. At the same
time, milk yield had a positive trend, with 305-d milk
yield (MY305) of 6,656 kg for 2001 to 2006 versus
7,557 kg for 2007 to 2012 (Table 1; Figure 1). Although
these 2 situations occurred concurrently and an appar-
ent antagonism could be suspected, the effect of milk

Table 5. Effect of calving year on the hazard of pregnancy, adjusted by
daily cow milk yield, season of calving, and parity for 94,593 lactations
from 402 dairy herds located in Buenos Aires Province, Argentina

Year Hazard ratio 95% CI

2001 1.076 1.010-1.146
2002 1.082 1.025-1.142
2003 1.055 0.999-1.113
2004 1.116 1.061-1.175
2005 1.085 1.029-1.144
2006 1.112 1.060-1.167
2007 1.010 0.961-1.062
2008 1.033 0.981-1.087
2009 1.014 0.964-1.066
2010 0.982 0.934-1.032
2011 0.929 0.882-0.978
2012 1 Referent
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yield on the hazard of pregnancy was almost constant
throughout the study (Supplemental Table S2; https://
doi.org/10.3168/jds.2017-13796). Taking all the above
information together, we could speculate that other
variables might have concomitantly changed with the
increase in milk yield, and that could be affecting the
fertility outcome. Also, our finding that average cows
from top-producing herds had better reproductive per-
formance than average cows from low-producing herds
could suggest that, among all the herd-level factors
explaining this result, the managers’ ability to meet
their cows’ needs for high milk yield also supports good
fertility.

As the proportional hazards assumption was violat-
ed, an interaction term (MTDY by DIM) was included
in the Cox model as suggested by Allison (1995). In
survival analysis for reproductive data, main effects
(i.e., MTDY) on the hazard of events (i.e., pregnancy)
are estimated for all the individuals at the start of the
risk period, but as time progresses these main effects
on the hazards are estimated on a subpopulation that
is less likely to experience the event of interest. This
could help explain our finding that a significant nega-
tive effect of MTDY on the hazard of pregnancy was
detected only in high-milk-yield herds specifically to-
ward the end of the risk period. This finding does not
seem to make biological sense because peak milk yield
and negative energy balance take place early in lacta-
tion. Therefore, our speculation is that in a subfertile
population the effect of daily milk yield on the hazard
of pregnancy would be constant through all the risk
period but that the theoretical negative effect would
be masked by a possible positive effect of MTDY on
the hazard of pregnancy in the more fertile population
present at the beginning of the risk period.

Regarding sensitivity analysis, we asked whether cen-
sored cows had the same future frequency of pregnancy
as cows not censored. From the sensitivity analysis re-
sults shown in Supplemental Tables S3 and S4 (https://
doi.org/10.3168/jds.2017-13796), we can see that under
both hypothetical scenarios the effect of MTDY on the
hazard of pregnancy was more marked but remained
in the same direction, suggesting that the violation of
nonindependent censoring is not a big concern in this
case. This slight]l reduction in the size effect of MTDY
could be explained by the fact that the frequency of
lower producers is greater than that of higher producers
in the censored subpopulation (indicative of culling). In
this sense, it has been observed that milk production
acts as a protective factor for cow culling risk in com-
mercial herds (Morton, 2006).

Published reports evaluating the relationship be-
tween milk yield and reproductive performance have
shown divergent results. Bello et al. (2013) reported

no antagonism between daily milk yield at first post-
partum insemination and pregnancy at first Al at
the cow level, but this antagonism appeared at herd
level, especially in herds with good fertility (i.e., 50%
herd probability of pregnancy at first AI). The same
researchers (Bello et al., 2012) had previously found a
negative effect at the cow level (calving to conception
interval increased by 0.51 d per increase of 100 kg in
MY305) but a positive effect at herd level (calving to
conception interval decrease of 1.37 d per increase of
100 kg in herd MY305). These discrepancies could be
explained by the indicators of milk yield and fertility
used (short term vs. long term). Piccardi et al. (2013)
found that cows belonging to the top tercile of intraherd
milk yield had a lower hazard of pregnancy than cows
from the bottom tercile of milk yield. The difference
between the findings of Piccardi et al. (2013) and ours
could be explained by the fact that the herds were from
different regions of Argentina with different production
systems, by the different time periods involved [1 yr vs.
12 yr (ours)], and especially by the way the effect of the
herd was analyzed. Piccardi et al. (2013) categorized
individual milk yield (MY305) into intraherd terciles
without assessing whether that effect varied across the
different levels of productivity of herds. Because the
previous studies used MY 305, this could have overesti-
mated the negative effects of milk yield on reproductive
performance due to the effects of pregnancy on milk
yield.

In multilevel logistic model 2, we used NE; (i.e.,
CES80) to explain the odds of PREG100. We found that
an increase of 1 SD in CE80 was associated with a
5.8% decrease in PREG100 for cows in a top-quartile
herd for HE80 and that the same increase in CES80
was related to a 2.9% increase in PREG100 in herds
in the bottom quartile of HE80 (Table 3). This finding
is similar to what we obtained with raw milk yield as
the predictor in model 1. Therefore, we propose that
the reported negative effect of negative energy balance
on fertility would not be explained by the increased
demand of energy to support milk yield. This supports
the notion that the effect of energy balance on fertility
would have more to do with the amount of net energy
consumed than with the amount of net energy secreted
in milk.

One of the limitations of our work is that the data set
lacks information about possible confounder variables
such as disease and intervening variables such as energy
balance. Despite that, our approach is valid to test for
the existence of an antagonistic association between
milk yield and fertility at cow and herd levels and
how these associations varied during a 12-yr period.
The main conclusions of the present work are that the
magnitude of the relationship between milk yield and
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reproductive performance is small and that it depends
on the level of herd production.
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