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ABSTRACT

Eighty-two multiparous cows of high and low genetic
merit were fed one of two isonitrogenous (19.3% crude
protein), isoenergetic (11.3 MdJ of metabolizable energy)
diets that differed in ratio of rumen-undegradable pro-
tein to rumen-degradable protein. Factors that influ-
enced reproductive performance were investigated using
logistic regression and survival analysis. Significant as-
sociations were identified between reproductive perfor-
mance and indicators associated with nutrient balance.
Cows with higher dry matter intake were more likely to
show signs of estrus at first ovulation and to become
pregnant by d 150 of lactation. Increased ratio of plasma
glucose to 3-hydroxybutyrate was associated with a
greater probability of estrous expression at first ovula-
tion. Concentrations of plasma cholesterol were posi-
tively associated with expression of estrus at first ovula-
tion, interval from calving to conception, and likelihood
of conception and pregnancy. Greater concentrations of
nonesterified fatty acids in plasma were associated with
a lower probability of conception by d 150 of lactation.
Increased yield of fat-corrected milk during early lacta-
tion was negatively associated with expression of estrus
at first ovulation and probability of pregnancy by d 150
of lactation. Cows of high genetic merit were less likely
to show signs of estrus at first ovulation. Cows fed the
high rumen-degradable-protein diet that also lost more
body weight during early lactation were less likely to
conceive at first service and to have a prolonged interval
from calving to conception. Continued selection for in-
creased production of milk and a more negative nutrient
balance during early lactation may reduce reproductive
performance particularly for cows fed high concentra-
tions of rumen-degradable protein.
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INTRODUCTION

Early reestablishment of ovarian activity after calving
has been identified as a significant modifier of reproduc-
tive efficiency of dairy cows. Intervals from calving to
first ovulation, first service, conception, and calving are
extended when resumption of ovarian activity is delayed.
Efficiency of reproduction is further modified by factors
that influence probability of conception, including di-
etary protein (Jordan and Swanson, 1979), genetic merit
of cows (MacMillan et al., 1996), milk yield (Laben et
al., 1982; Lean et al., 1989), energy balance (Haresign
et al., 1981), number of estrous cycles, progesterone con-
centrations in cycles preceding insemination (Fonseca
et al., 1983), and parity. Extended calving-to-calving in-
tervals lower profit because efficiency of milk production
is reduced, fewer calves are born, and rate of genetic
gain in the herd is slowed.

In a previous paper, Westwood et al. (2000) investi-
gated the univariate associations between dietary pro-
tein and the genetic merit of cows, and the concentra-
tions of metabolites, body condition, and the reproduc-
tive performance of lactating dairy cows. Farm
management factors including sensitivity and specificity
of estrous detection, voluntary waiting period, semen
storage, and semen placement in the uterine tract will
also modify reproductive performance. Given the poten-
tial for these management factors to confound univariate
associations, the second paper of this series uses multi-
variate analytical methods to further investigate the re-
productive response to dietary protein degradability and
the genetic merit of cows. The objective of this study was
to evaluate the factors that influenced the fertility of
cows maintained under tightly controlled experimental
conditions. We considered that by investigating several
different measures of reproductive outcome, mecha-
nisms that lower reproductive performance may be bet-
ter understood, and the hierarchical level at which each
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factor may affect reproductive performance may be iden-
tified.

MATERIALS AND METHODS
Cows and Feeding

Eighty-two multiparous Friesian dairy cows of high
or low genetic merit were fed one of two isonitrogenous
(19.3% CP), isoenergetic (11.3 MdJ of metabolizable en-
ergy; MJME) diets: 1)a low-degradable (LD) diet, of com-
posed 37% undegradable protein (UDP) and 63% RDP;
and a highly-degradable (HD) diet, composed of 15%
UDP and 85% RDP. Rations were composed of chaffed
alfalfa and oaten hay, and pelleted concentrate, as de-
scribed by Westwood et al. (2000). Diets were fed ad
libitum as TMR in a Calan-Broadbent feeding facility
(American Calan Inc., Northwood, NH) for the first 150
d of lactation. Cows were maintained on a shaded loafing
area adjacent to the feeding facility without access to
other feeds.

Cows of high genetic merit were defined as those with
an Australian breeding value (ABV) fat plus protein
greater than or equal to 31. Cows of low genetic merit
had an ABV less than or equal to 15.

The study was conducted over a 2-yr period with cows
calving year round. A maximum of 44 cows were present
in the herd at any time, and herds were balanced for
dietary and genetic merit group. All work was carried
out with the approval of the Animal Care and Ethics
Committee of the University of Sydney, Australia.

Data and Sample Collection

Daily DMI were calculated for each cow. Cows were
milked twice daily and individual yields recorded. Cows
were weighed and scored for body condition every 7 d.
Body condition was scored using a five-point scale of 0.25
increments, where 1 = thin and 5 = obese (Edmondson
et al., 1989).

Whole-milk samples for milk progesterone concentra-
tion were collected from each cow at 3-d intervals, begin-
ning 7 d after calving. Weekly milk samples were col-
lected until wk 10 of lactation for milk fat, protein, and
lactose percentage analysis. Blood samples were taken
weekly from wk -3 to wk 10 of lactation and analyzed
for plasma urea, glucose, cholesterol, 3-hydroxybutyrate
(3-OH), and serum NEFA. Plasma progesterone concen-
trations were determined with heparinized blood col-
lected from each cow twice weekly for 24 d after each
breeding.

Calculation of Energy Balance

Weekly energy balance was calculated for each cow
using mean daily DMI/wk, mean daily milk production
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per week, weekly change in BW, and weekly percentage
of milk fat, protein, and lactose. Daily metabolizable
energy intake was calculated using formulated values
for metabolizable energy for each ration.

Analytical Procedures

Plasma urea, glucose, and cholesterol concentrations
were determined with commercial kits using a Cobas
Mira autoanalyzer. Concentrations of plasma 3-OH were
determined by auto analyzer according to the method
of Zivin and Snarr (1973). NEFA concentrations were
determined with Wako NEFA C kits (Wako Pure Chemi-
cal Industries, Osaka, Japan), with modifications de-
scribed by Rabiee (1995).

Milk progesterone concentration was determined with
commercial liquid- and solid-phase '*I-labeled proges-
terone kits (Orion Diagnostica, Espoo, Finland); a solid-
phase '*I-labeled solid-phase kit (Orion Diagnostica)
was used to assay plasma progesterone concentrations.

Reproductive Measures

A detailed description of the reproductive performance
evaluation was given by Westwood et al. (2000). The
reproductive health of all cows that had not been insemi-
nated during the previous 42 d was monitored every 3
wk by palpation of the reproductive tract per rectum,
commencing 21 + 3.5 d after calving. Cattle were ob-
served for estrus for at least 14 h/d. Sensitivity of estrous
detection was increased by placing KaMaR heatmount
detectors (Steamboat Springs, CO) on the tailhead of
each cow. Cows were bred on the observation of primary
and/or secondary heat signs. Cows were not bred before
d 45 of lactation.

Calving to first ovulation interval was defined by the
first increase in milk progesterone >6 nmol/L after calv-
ing; ovulation was assumed to have occurred 5 d before
elevation of progesterone concentration. Intervals from
calving to first estrus and first service were defined as
intervals to estrus or service events accompanied by ovu-
lation (progesterone concentration <6 nmol/L at the time
of event). Conception and pregnancy rate to first service
were calculated only for services accompanied by ovu-
lation.

Early establishment of pregnancy (initial conception)
was defined by an elevated progesterone concentration
that persisted beyond d 24 after insemination. Success-
ful pregnancy was defined by pregnancy palpable per
rectum at d 42 after mating. Interval from calving to
initial conception was calculated with progesterone con-
centrations; time to successful pregnancy was calculated
with palpation records. Early embryonic death was de-
fined as loss of conceptus between initial conception diag-
nosis and confirmation of pregnancy by rectal palpation.
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Table 1. Categorical variables evaluated in models.
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Name Description Values

Diet Diet, isonitrogenous, isoenergetic containing 1=LD; 2 =HD!
protein of low or high degradability

Metritis Metritis and/or retained fetal membrane, 0 =no; 1 =yes

that required veterinary intervention,
including use of uterine and/or parenteral antibiotics

Season calved Season in which cow calved
Season 1st Ovulation

Season 2nd Ovulation

Season during which first ovulation occurred
Season during which second ovulation occurred

Winter, Spring, Summer, Autumn?
Winter, Spring, Summer, Autumn?
Winter, Spring, Summer, Autumn?

LD = Low-degradable diet; HD = highly-degradable diet.

2Winter = June 1 through August 31; Spring = September 1 through November 30; Summer = December 1 through February 28; Autumn

= March 1 through May 31.

Statistical Analyses

Univariate analysis of the relationships between the
genetic merit of cows, the degradability of dietary pro-
tein, and reproductive performance indicated a number
of significant associations (Westwood et al., 2000). Repro-
ductive failure is unlikely to be the result of a single
dominant factor and is more likely the result of a combi-
nation of factors. Multivariate analyses permit the si-
multaneous evaluation of a large number of explanatory
variables to examine their effect on the outcome variable
and allow for the examination of interactions between
these variables and control confounding. Therefore the
data were further explored using multivariate analyses.

Categorical and continuous variables that were inves-
tigated as potential predictors are listed in Table 1 and
Table 2. Univariate analyses were performed using sur-
vival analysis (BMDP 1L; BMDP Statistical Software
Inc., Los Angeles, CA) to assess the association between
a prognostic variable and time to a reproductive event.
Continuous variables were categorized into top, middle,
and lower quartiles to examine the effect of each stratum
of prognostic variable on time to an event. Associations
between categorical prognostic variables and expression
of estrus at ovulation, conception to first service, and
probability of conception or pregnancy by d 150 of lacta-
tion were assessed using x? analysis (BMDP 4F). Effects
of continuous variables on estrous expression and proba-
bility of conception or pregnancy were assessed using
one-way analysis of covariance (BMDP 1V).

Variables that had a univariate P-value less than or
equal to 0.25 were included for evaluation using stepwise
regression. Regression coefficients for time to first ovula-
tion, first estrus, first service, first conception, and first
pregnancy were determined using Cox’s regression
model (BMDP 2L). Backwards stepwise logistic regres-
sion (BMDP LR) was used to model probability of expres-
sion of estrus, conception to first service, and conception
or pregnancy by d 150 of lactation.

Only the most significant univariate relationship
among a group of highly correlated variables was re-

tained for multivariate analysis. Variables that had a
univariate P-value less than or equal to 0.25 were in-
cluded for evaluation using Cox’s regression model
(BMDP 2L) (time to an event) or backwards stepwise
logistic regression (BMDP LR; probability of an event
occurring). For logistic regression models, change in
maximal log likelihood values were used to indicate the
R; 2 for each model. Because models for time to a repro-
ductive event were partial maximal log likelihood mod-
els, R;2 were not calculated.

Linearity between dependent and independent vari-
ables was assessed graphically by examining quartile
cutpoints for continuous independent variables plotted
against the proportion of individuals with the outcome
of interest. Interactions between variables were assessed
by examining correlation matrices, by examination of
coefficients, and by testing the significance of interac-
tions among variables. Colinearity between variables
was tested by evaluation of the underlying biological
relationships between variables, by examination of cor-
relation matrices, and by examination of changes in coef-
ficients as new variables entered or were removed from
stepwise models. Confounding was assessed by evaluat-
ing changes in coefficients as new terms were entered
into multivariate models. Methods used in model devel-
opment are described by Hosmer and Lemeshow (1989).

All multivariate models included diet and genetic
merit as significant effects or as potential confounders.
Neither variable was a significant confounder for any
final regression model.

One cow was culled at d 77 of lactation as a result of
chronic vagal indigestion. Milk progesterone concentra-
tions were not determined, in error, for that cow. Repro-
ductive data for that cow was, therefore, excluded from
analysis, and the results for 81 cows presented.

RESULTS
Interval from Calving to First Ovulation

Cows that calved during winter months were 6.8 times
more likely to have a delayed interval from calving to
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Table 2. Continuous variables evaluated in models.*

Name Description Value
ABV ABV for fat + protein yield
BW precalving BW, 1 wk before calving. Includes fetus and fluids kg
BW at calving BW, < 7 d after calving kg
BW change Change in BW, wk -1 to 6 of lactation kg
BCS precalving BCS, 1 wk before calving 1 to 5 scale
BCS at calving BCS, < 7 d after calving 1 to 5 scale
BCS change Change in BCS, wk -1 to 6 of lactation 1 to 5 scale
Cholesterol, wk -3, 0, 6, 10 and nadir Plasma cholesterol, mean, wk -3 to 10, 0 to 6, or 0 to 10 of lactation, mmol/L
and nadir during early lactation
Cholesterol at ovulation Plasma cholesterol during the week of first or second ovulation mmol/L
Days to ovulation Interval from calving to first and second ovulation d
DMI % of BW Daily DMI as % BW, mean, wk 0 to 6, 0 to 10, or 0 to 17 of lactation BW %
DMI42 Cumulative DMI, d 0 to 42 and d 0 to 120 of lactation kg
DMI at ovulation Mean DMI intake during wk of first or second ovulation kg
DMI, % at ovulation Daily DMI as % BW, mean, during the week of first or
second ovulation
Energy balance Cumulative energy balance, d 0 to 42 and d 0 to 120 of lactation MJME
Energy balance at ovulation Mean energy balance during the week of first or second ovulation MJME
Energy balance nadir Energy balance nadir, wk -3 to wk 17 after calving MJME
FCM cumulative Cumulative FCM yield, d 0 to 42 and d 0 to 120 of lactation L
FCM peak FCM peak, d 0 to 120 of lactation L
FCM at ovulation Mean daily FCM yield during the week of first or L
second ovulation
Glucose; wk -3, 0, 6, 10 and nadir Plasma glucose, mean, wk -3 to 10, 0 to 6, or 0 to 10 mmol/L
of lactation, and nadir during early lactation
Glucose ovulation Plasma glucose at the week of first or second ovulation mmol/L
Glucose:3-OH ratio Plasma glucose:3-OH ratio, mean, wk -3 to 10, O to 6, Ratio
or 0 to 10 of lactation, and nadir
Glucose:3-OH ovulation Plasma glucose:3-OH ratio during the week of first Ratio
or second ovulation
3-OH Plasma 3-OH, mean, wk -3 to 10, 0 to 6, or 0 to 10 mmol/L
of lactation, and peak during early lactation
3-OH ovulation Plasma 3-OH at the week of first or second ovulation mmol/L
Luteal Length of luteal phase, indicated by progesterone >6 nmol/L, d
subsequent to first ovulation
Milk cumulative Cumulative milk yield, uncorrected, d 0 to 42 and L
d 0 to 120 of lactation
Milk peak Peak daily milk yield, uncorrected, d 0 to 120 of lactation L
Milk ovulation Mean daily uncorrected milk yield during the week of first L
or second ovulation
NEFA; wk -3, 0, 6, 10 Serum NEFA, mean, wk -3 to 10, 0 to 6, or 0 to 10 pmol/L
of lactation
NEFA peak Serum NEFA, peak, wk -3 to 10 of lactation pmol/L
NEFA ovulation Serum NEFA during wk of first or second ovulation pumol/L
Parity Parity of cow Lactations

Ovulation prevalence

Urea; wk -3, 0, 6, 10 and peak

Urea ovulation

Prevalence of cows in herd that ovulated in herd
during the week of first or second ovulation
Plasma urea, mean, wk -3 to 10, 0 to 6, or 0 to 10
of lactation, and peak
Plasma urea during the week of first or second ovulation

No. of ovulations/wk
mmol/L

mmol/L

IABV=Australian breeding value; 3-OH = 3-hydroxybutyrate; MJME= megajoules of metabolizable energy.

first ovulation compared with cows that calved during
other seasons. Cows with a cumulative yield of FCM
from d 0 to 42 of lactation greater than 1623.9 L (or
greater than 38 L/d) were 2.6 times more likely to ovulate
later than cows with a cumulative yield of FCM less
than 1212.5 L (or less than 29 L/d).

Interval from Calving to First Estrus

Cows that had a first ovulation later than d 53 of
lactation were 1.6 times more likely to have an increased
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interval from calving to first estrus compared to cows
that ovulated before d 21 of lactation (P = 0.001).

Expression of Estrus at First Ovulation

The model contained six variables (Table 3) that ex-
plained almost 50% of the variance for estrous display
at first ovulation. The model was a good predictor of
expression of estrus at first ovulation. With a cutpoint
to optimize allocation to groups (silent estrus, visual
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Table 3. Factors affecting risk of estrous expression at first ovulation (Hosmer—Lemeshow goodness of fit x? = 0.850).

Relative risk

Regression Max log

Step!  Prognostic variable coefficient (SE*)  Significance likelihood OR? 95% CI Fav  Unfav OR?
0 -39.81
1 Glucose:3-OH ratio,

first 6 wk of lactation* +1.047 (0.464) 0.022 -37.17 285 1.13 to 7.19 2.65 0.56 4.71
2 DMI, wk of ovulation* +0.4002 (0.149) 0.007 -33.53 149 1.11 to 201 3.10 0.12 26.20
3 FCM, wk of ovulation* -0.2168 (0.0822) 0.005 -29.58 0.81 0.68 to 095 2.77 0.25 10.98
4 Urea, wk -3 to 10 of lactation®* -1.519 (0.548) 0.018 -26.77 0.22 0.07 to 065 2.99 0.32 9.19
5 Cholesterol, wk of ovulation* +0.7162 (0.282) 0.005 -22.76 2.05 1.17 to 3.60 3.58 0.50 7.17
6 ABV -0.0557 (0.0267)  0.020 -20.06 0.95 0.89 to 1.00 2.73 0.46 5.94

R 2=0.496

IStep refers to the step at which each variable entered the statistical model by producing the greatest change in log likelihood relative
to a model not containing that variable.

20R = odds ratio; risk associated with increase in variable by one unit.
3 Risk, favorable vs unfavorable.

“Mean during period; favorable characteristics: glucose: 3-hydroxybutyrate (3-OH) ratio first 6 wk of lactation > 3.26; DMI, week of
ovulation > 28.68 kg; FCM, week of ovulation < 20.53; urea, wk -3 to 10 of lactation < 7.97; cholesterol, week of ovulation > 5.38; ABV < 6.
Unfavorable characteristics: Glucose:3-OH first 6 wk of lactation < 1.78; DMI, week of ovulation< 20.53; FCM, week of ovulation > 38.25;
urea, wk -3 to 10 of lactation > 9.43; cholesterol, week of ovulation < 2.63; ABV > 38.

estrus, and total ovulations) from the model, approxi-
mately 86% of cows were correctly classified.

0.003). Cows with a calving-to-first-ovulation interval of
between 31 and 53 d were 1.46 times more likely to be
served for the first time later than cows that ovulated

Expression of Estrus at Second Ovulation before d 21 of lactation.

Inclusion of five variables within the model (Table 4)

. T N Initial Conception to First Service
explained 36% of the variation in the probability of a

cow showing estrus at second ovulation. With a cutpoint
of 0.53, each group is approximately 76% correctly clas-
sified.

Interval from Calving to First Service

Calving to first ovulation interval was the only signifi-
cant predictor of calving to first service interval (P =

We defined initial conception to first service as a mat-
ing to first true service (that is, service accompanied by
ovulation) that resulted in an elevated milk or plasma
progesterone concentration of greater than 6 nmol/L that
persisted beyond d 24 after mating. Cows that lost less
than 51 kg of BW between wk 1 before calving and wk
6 of lactation were 3.7 times more likely to conceive at
first service compared with herdmates that lost more

Table 4. Factors affecting risk of estrous expression at second ovulation (Hosmer—Lemeshow goodness of fit x2 = 0.849).

Relative risk

Regression Max log

Step! Prognostic variable coefficient (SE*)  Significance likelihood OR? 95% CI Fav Unfav OR?
0 -49.80
1 Calving to 2nd ovulation interval* +0.0595 (0.0189) <0.0001 -41.25 1.06 1.02 to 1.10 2.10 042 5.06
2 BW at week before calving* +0.0124 (0.0053)  0.005 -37.38 1.01 1.00 to 1.02 1.89 0.62 3.07
3 Prevalence of ovulation during

week of ovulation* +0.3364 (0.153) 0.022 -34.75 1.40 1.04 to 1.89 196 0.51 3.84
4 Diet (HD or LD) +1.282 (0.691) 0.090 -33.31 3.60 0.93 to 14.01 1.00 0.28 3.60
5 Length of luteal phase before

2nd ovulation +0.0679 (0.0435)  0.085 —3%.83 1.07 0.98 to 1.17 1.23  0.67 1.84

R.” =0.361

IStep refers to the step at which each variable entered the statistical model by producing the greatest change in log-likelihood relative

to a model not containing that variable.

20R = odds ratio; risk associated with increase in variable by one unit.

3Risk, favorable vs unfavorable.

“Mean during period; favorable characteristics: calving to second ovulation interval >64.5 D; BW at week before calving >715.5 kg; mean
prevalence of ovulation during week of ovulation > 7; diet = highly-degradable (HD); length of luteal phase before 2nd ovulation > 21d.
Unfavorable characteristics: calving to second ovulation interval <37.3 d; BW at week before calving <625.0 kg; mean prevalence of ovulation
during week of ovulation <3; diet = low-degradable (LD); length of luteal phase before 2nd ovulation < 12d.
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than 109 kg (Table 5). Cows in the LD dietary group
were 3.2 times more likely to conceive at first service
than were cows fed the HD diet. The model explained
13.1% of the variance in probability of conception to
first service. Sixty-seven percent of cows were correctly
allocated to groups when a cutpoint of 0.41 was used.

Interval from Calving to Initial Conception

Interval from calving to initial conception was defined
as time from calving to initial conception, with concep-
tion defined as for the model for initial conception to
first service. Cows that were not served for the first time
until after d 87 of lactation were 1.3 times more likely to
have a delayed interval from calving to initial conception
compared with herdmates served for the first time before
d 56 of lactation (Table 6). An interaction between
change in BW and dietary protein degradability signifi-
cantly predicted time to initial conception. Cows fed the
HD diet and losing more than 76 kg of BW between 1
wk before calving and wk 6 of lactation were almost
twice as likely to have a longer interval from calving to
conception than cows fed the LD diet and that lost less
than 76 kg during the same period (Figure 1). The model
did not fit the criteria for the Cox’s proportional hazards
model because plots overlapped, therefore, data were
reassessed using the Weibull accelerated failure time
model.

Interval from Calving to Successful Pregnancy

The interval from calving to successful pregnancy was
defined as the number of days from calving to a mating
that resulted in a palpable pregnancy at d 42 after mat-
ing. Cows with a plasma cholesterol nadir of less than
0.9 mmol/L were 1.4 times more likely to have a delayed
calving to successful pregnancy interval than were cows
with a plasma cholesterol nadir greater than 1.8 mmol/

WESTWOOD ET AL.

L (Table 7). Cows that lost more than 76 kg of BW
between precalving and wk 6 of lactation, and that were
slow to initiate luteal activity after calving were 4.4
times more likely to have an extended calving-to-success-
ful-pregnancy interval than were cows that lost less than
76 kg during the same period, and ovulated before d 31
of lactation.

Probability of Conception Before d 150 of Lactation

Probability of conception before d 150 was defined as
the likelihood of recording a persistently elevated milk
or plasma progesterone of greater than 6 nmol/L that
persisted for more than 24 d subsequent to any mating
to a service occurring before d 150 of lactation. Cows
that had a prolonged calving to first ovulation interval
and had high mean serum NEFA concentrations—
greater than 313.3 pmol/L—during the first 10 wk of
lactation were 20 times less likely to conceive by d 150 of
lactation than were herdmates that also had a prolonged
calving-to-first-ovulation interval, but that had mean
concentrations of NEFA of less than 313.3 ymol/L (Table
8). Cows with a higher plasma cholesterol nadir were
2.3 times more likely to conceive by d 150 of lactation
than cows with a low nadir of plasma cholesterol. Cows
fed the LD ration were three times more likely to con-
ceive by d 150, than were those fed the HD diet. The final
model explained 29.1% of the variance. With a cutpoint of
0.19, approximately 74% of each group (conceived, failed
to conceive, and total) were correctly classified.

Probability of Pregnancy Before Day 150 of Lactation

Probability of pregnancy before d 150 of lactation was
defined as probability of retaining a successful preg-
nancy (palpable pregnancy at d 42 after mating) to any
mating before d 150 of lactation. Differences between
data describing failure to conceive and failure to become
pregnant reflect cows that conceived before d 150, but

Table 5. Factors affecting probability of conception to first service (Hosmer—Lemeshow goodness of fit x? = 0.495).

Relative risk

Regression Max log
Step® Prognostic variable coefficient (SE*) Significance likelihood OR? 95% CI Fav  Unfav OR?
0 -53.68
1 Change in bodyweight during
first 6 wk of lactation +0.0225 (0.00749) 0.003 -49.26 1.02 1.008 to 1.038 1.76 0.48 3.69
2 Diet (HD or LD) -1.159 (0.521) 0.022 —49.65 0.31 0.113 to 0.874 1.00 0.31 0.31
R =0.131

IStep refers to the step at which each variable entered the statistical model by producing the greatest change in loglikelihood relative to

a model not containing that variable.

20R = Odds ratio. Risk associated with increase in variable by one unit.

3Risk, favorable vs unfavorable. Favorable characteristics: change in BW during first 6 wk of lactation >-51 kg; low-degradable (LD) diet.
Unfavorable characteristics: change in BW during first 6 wk of lactation <-109 kg; highly-degradable (HD) diet.

Journal of Dairy Science Vol. 85, No. 12, 2002
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Table 6. Factors affecting calving to initial conception interval, using the Weibull accelerated failure time model.

Relative risk

Regression Max log

Step!  Prognostic variable coefficient (SE*) Significance  likelihood ~HR?  95% CI Fav  Unfav HR?
0 -65.75

1 Calving-to-first-service interval ~ +0.0083 (0.1762)  <0.00001 -60.94 1.02 0.71 to 1.43 1.12 0.87 1.29

Interaction between BW loss and diet: Groups are expressed relative to the reference group of “low BW loss, fed LD”

2 High BW loss, fed HD* +0.6070 (0.1131) <0.00001 -56.44 1.83  1.47 to 2.29

3 High BW loss, fed LD* +0.5150 (0.1148) <0.00001 -50.21 1.67 1.34 to 2.10

4 Low BW loss, fed HD* +0.2696 (0.1110) 0.0330 -47.35 1.31 1.05 to 1.63

1Step refers to the step at which each variable entered the statistical model by producing the greatest change in loglikelihood relative to

a model not containing that variable.

?HR = Hazard ratio. Risk associated with increase in variable by one unit.

3Risk, favorable vs unfavorable.

4In reference to cows with low BW loss (BW loss >-76 kg) during the first 6 wk of lactation, and fed the low degradable (LD) diet. Favorable
characteristics: low BW loss (BW change >- 51 kg) and feeding LD ration. Calving to first service interval <56 d. Unfavorable characteristics:
high BW loss (BW change < -109 kg) and feeding high degradable (HD) ration. Calving to first service interval > 87 d.

failed to maintain a successful pregnancy. Twenty-three
percent of the variance was explained by the model for
probability of pregnancy (Table 9). Approximately 73%
of each group were correctly classified using a cutpoint
of 0.31. A significant interaction term entered the model.
Cows that produced more than 1393 L of cumulative
FCM by d 42 of lactation and that were slow to resume
ovulation after calving were 10 times less likely to be
pregnant by d 150 of lactation than were cows that also
produced more than 1393 L of FCM during early lacta-
tion, but had a short interval from calving to first ovu-
lation.

Plasma cholesterol nadir during the first 10 wk of
lactation > 1.8 mmol/L. was associated with a 2.7 times
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Figure 1. Interval from calving to initial conception for cows fed
low-degradable (LD) or high-degradable (HD) diets and losing greater
or less than 76 kg during early lactation.

greater probability of successful pregnancy by d 150 of
lactation. Cows that ate more than 4.03% of their BW
each day during the first 17 wk of lactation were almost
twice as likely to be pregnant at d 150 of lactation than
cows that ate less than 3.45% of BW during the same
period.

DISCUSSION

A number of interrelated factors that influenced re-
productive success in a group of high-producing dairy
cows maintained under controlled experimental condi-
tions were identified. The term net energy balance is a
calculated estimate of the deficit between energy intake
and energy output. This term, however, also reflects
BW loss; this loss includes irreversible losses of protein,
minerals, vitamins, and energy from the body. While
energy balance was calculated and assessed, factors
that influence energy balance, feed intake, and milk
solids production were examined as individual factors
influencing fertility. The multivariate models that eval-
uated display of estrus explained much of the variation
and are, to our knowledge, the first multivariate models
to examine estrus display. The models evaluating con-
ception and pregnancy at first service explained a mod-
erate amount of the variance, and all models developed
had good fit. Discussion of the results is presented in
terms of the factors that influenced fertility in the
study.

Dietary Protein Degradability

Diet was not accepted in the model evaluating expres-
sion of estrus at first ovulation; however, a proxy for
diet, plasma urea, did significantly predict expression
of estrus at first ovulation because cows with higher
concentrations of urea were less likely to show estrus.
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Table 7. Factors affecting calving to successful pregnancy interval.

Relative risk

Regression Max log

Step! Prognostic variable coefficient (SE¥)  Significance likelihood HR? 95% CI Fav Unfav HR?
0 -217.06
1 Cholesterol concentration nadir during

first 10 wk of lactation -0.4016 (0.2082) 0.051 -215.15 0.67 0.44 to 1.01 0.85 1.22 0.70?

Interaction between calving to first ovulation and BW loss

2 Time to first ovulation<31, low BW loss* -1.4670 (0.4537) 0.050 -213.24 0.31 0.12 to 0.76
3 Time to first ovulation < 31, high BW loss* -1.3033 (0.4506) 0.035 -211.02 0.28 0.12 to 0.68
4 Time to first ovulation> 31, low BW loss*  -1.1237 (0.4662) 0.012 -207.89  0.23 0.09 to 0.56

IStep refers to the step at which each variable entered the statistical model by producing the greatest change in loglikelihood relative to
a model not containing that variable.

’HR = Hazard ratio. Risk associated with increase in variable by one unit.

3Risk, favorable vs unfavorable.

“In reference to cows with time to first ovulation > 31 d and cows with BW loss of more than 76 kg during the first 6 wk of lactation.
Favorable characteristics: low BW loss (BW change > -51 kg) and time to first ovulation <21 d; cholesterol concentration nadir during first
10 wk > 1.8 mmol/L. Unfavorable characteristics: high BW loss (BW change <-109 kg) and time to first ovulation > 53 d. Cholesterol
concentration nadir during first 10 wk <0.9 mmol/L.

Feeding the HD diet was associated with higher concen-
trations of plasma urea than for the LD group during
the first 10 wk of lactation (Westwood et al., 2000). In
contrast, at second ovulation, cows fed the HD diet were
more likely to show estrus, despite the fact that these
cows tended to mobilize more body condition after calv-
ing (Westwood et al., 2000). While the interval from
calving to NEB nadir did not differ significantly be-
tween dietary groups (Westwood et al., 2000), the HD
group regained positive energy balance more rapidly
than the LD group. A more favorable energy balance

may have favored estrus expression at second and sub-
sequent ovulations for the HD group.

Reproductive measures of conception success were
negatively influenced by the HD diet, a finding consis-
tent with previous reports (Folman et al., 1981; Bruck-
ental et al., 1989; Son et al., 1996). The negative effects
of increased protein degradability on conception were,
however, accentuated by concurrent loss of BW during
early lactation. Relatively high conception rates (> 50%
to first service) have been reported for Australian and
New Zealand dairy cows fed large amounts of rapidly

Table 8. Factors affecting probability of conception before d 150 of lactation (Hosmer—Lemeshow goodness of fit x2 = 0.808).

Relative risk

Regression Max log
Step! Prognostic variable coefficient (SE*) Significance likelihood =~ OR?  95% CI Fav Unfav OR?
0 -42.91
Interaction between NEFA
concentration and calving
1 to first ovulation interval -0.112 x 1072 (0.3 x 1074 <0.0001 -33.25
NEFA < 313.3 and calving
to first ovulation <31* 8.0 1.6 to 46.8
NEFA >313.3 and calving
to first ovulation <31* 9.6 1.5 to 78.6
NEFA <313.3 and calving
to first ovulation > 31* 204 2.1 to 4865
2 Cholesterol concentration nadir
during first 10 wk of lactation +0.9169 (0.540) 0.092 -31.83 2.50 0.87 to 723 1.44 0.63 2.28
3 Diet (HD or LD) -1.0106 (0.687) 0.095 —3(2).43 0.33 0.09 to 1.28 0.33 1.00 0.33
RL =0.291

IStep refers to the step at which each variable entered the statistical model by producing the greatest change in log-likelihood relative

to a model not containing that variable.

20R = Odds ratio. Risk associated with increase in variable by one unit.

3Risk, favorable vs unfavorable.

“In reference to cows with mean NEFA during first 10 wk of lactation > 313.3 mmol/L, and calving to first ovulation interval > 31 d.
Favorable characteristics: NEFA < 331.3 mmol/L and calving-to-first-ovulation interval <31 d; cholesterol nadir > 1.8; diet = low-degradable
(LD). Unfavorable characteristics: NEFA10 > 331.3 mmol/L and calving-to-first-ovulation interval > 31 d; cholesterol nadir <0.9 mmol/L;
diet = highly-degradable (HD).
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RDP (Williamson and Fernandez-Baca, 1992); however,
lower conception efficiency has been reported for Ameri-
can and European herds fed diets high in RDP. Despite
a similar genetic base, Australasian dairy cows gener-
ally calve in low body condition, lose less BW during
early lactation (Abe et al., 1994; Mackle et al., 1996),
and produce less milk than cows in North America.
These observations suggest that the depth and duration
of nutrient deficit is less severe in Australasian than
in North American cattle. Blood concentrations of
NEFA and 3-OH are lower and appetite is less de-
pressed during early lactation than in cows that calve
with greater reserves of body fat, and that mobilize
more body tissue during early lactation. Australasian
dairy cows may, therefore, better tolerate ingestion of
rapidly degradable dietary proteins than North Ameri-
can cows, because negative effects of feeding more RDP
on reproduction are not exacerbated by marked body
tissue loss.

Effect of Genetic Merit

This study had limited power to detect subtle effects
of genetic merit on fertility, and negative results should
not be assumed to be no effect. Genetic merit of cows
was not a significant predictor for interval from calving
to first ovulation or for calving to first estrus. This find-
ing contrasted with our hypothesis that, because im-
proved genetic merit is associated with greater mobili-
zation of body tissue in cows (Veerkamp et al., 1995;
Westwood et al., 2000), and more mobilization of body
tissue delayed resumption of ovarian activity (Butler
and Smith, 1989), cows of higher genetic merit would
be at greater risk of prolonged interval from calving to
first ovulation. While the energy balance for cows of
superior genetic merit was significantly lower than for
those of lower merit (Westwood et al., 2000), the inter-
val from calving to NEB nadir did not differ signifi-
cantly between genetic groups. The interval from calv-
ing to NEB nadir, rather than magnitude of NEB, has
been significantly associated with the onset of ovarian
activity (Canfield and Butler, 1991), a finding that may
reflect the absence of association in this study.

Cows of superior genetic merit were less likely to
display estrus at first ovulation and may reflect the
lower nutrient balance of those cows in early lactation
(Westwood et al., 2000). Spicer et al. (1990) found that
expression of estrus was reduced for cows with a more
negative energy balance.

Relationship with Blood Metabolites

Relationships between blood metabolites and the re-
productive performance of dairy cows reported pre-
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viously (Eldon et al., 1988; Huszenicza et al., 1988) have
been substantiated by our findings. Ratios of glucose:3-
OH ratio and concentrations of plasma cholesterol were
positively associated with expression of estrus at first
ovulation. A lower glucose:3-OH ratio reflects a relative
shortage of gluconeogenic substrates, and blood glucose
concentrations are lower and 3-OH concentrations are
higher during a period of NEB (Herdt et al., 1981; Can-
field and Butler, 1990; Harrison, 1990). Time series
analysis (Lean et al., 1992) found that plasma choles-
terol concentrations were positively correlated with en-
ergy balance for dairy cows in early lactation.

Higher concentrations of plasma cholesterol were as-
sociated with a shorter interval from calving to concep-
tion, and with greater probabilities of conception and
successful pregnancy by d 150 of lactation, a finding
consistent with those of Kappel et al. (1984) and Ruegg
et al. (1992). The mechanisms by which cholesterol may
influence the fertility of dairy cattle are unclear. Im-
proved fertility for cows with higher concentrations of
plasma cholesterol may reflect other aspects of a more
positive energy balance, rather than a causal relation-
ship between higher cholesterol and fertility per se.
However, Rabiee and Lean (2000) found that uptake
of glucose and cholesterol by the ovary are strongly
correlated in sheep and cattle. Both of these metabolites
are vital to ovarian function and may provide evidence
of a mechanism whereby a negative nutrient balance
can influence ovarian metabolism. In vitro studies also
showed a regulatory role for blood cholesterol concen-
trations in steroid production by ovarian tissue
(Gwynne and Strauss, 1982).

Higher concentrations of plasma cholesterol may also
reflect less severe hepatic lipidosis and improved he-
patic function. Concentrations of plasma cholesterol
and lipoproteins lipids are highly correlated (Van den
Top et al., 1995), and higher concentrations of lipopro-
tein lipids were associated with less lipid infiltration of
liver (Rayssiguer et al., 1988). Hepatic lipidosis during
early lactation has been associated with reduced repro-
ductive efficiency and an increased incidence of meta-
bolic and health disorders (Reid and Roberts, 1983).
Higher serum concentrations of NEFA lowered the
probability of conception by d 150, a finding that may
reflect excessive mobilization of body fat reserves and
consequent perturbation of hepatic function and hor-
monal metabolism.

Effect of Milk Production, DMI, BW, and BCS

Higher production of FCM during early lactation was
associated with a longer interval from calving to first
ovulation and with a reduced likelihood of expression
of estrus and successful pregnancy by d 150. Cows with
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higher DMI had a greater probability of expression of
estrus at first ovulation, and improved likelihood of
pregnancy by d 150 of lactation. DMI and milk yield
are major determinants of energy balance, but also re-
flect the ingestion and loss of other nutrients. It is prob-
able that protein and mineral balances also influence
fertility; hence, the term nutrient balance should be
preferred to energy balance in general discussion of the
influence of nutrition on fertility.

Mechanisms by which more severe nutrient deficits
may affect reproductive performance require further
definition. Follicular development begins during early
lactation when nutrient balance is lowest. It has been
hypothesized that metabolic conditions associated with
NEB may perturb ovarian follicular development and
reduce oocyte quality (Britt, 1992) and lower concentra-
tions of plasma progesterone (Villa-Godoy et al., 1988;
Spicer et al., 1990; Britt, 1992; Ljgkjel et al., 1995),
possibly reflecting reduced luteal viability, impaired
synthesis of progesterone, or altered clearance of pro-
gesterone by the liver. Quantitative studies of nutrient
balance, ovarian and hepatic flux of progesterone, and
fertility in dairy cows are required to elucidate these re-
lationships.

Effect of Season of Calving

Winter-calved cows had a significant delay in time to
first ovulation compared with those that calved during
other seasons. These findings are consistent with previ-
ous studies (Bulman and Lamming, 1978; Montgomery
et al., 1980; Peters and Riley, 1982; Eldon and Olafsson,
1986). Inconsistent management practices, particularly
with regard to nutrition, have confounded some studies
investigating the relationship between season and time
to first ovulation. In this study, rations did not change
significantly with season. The mechanisms by which
season influenced the resumption of ovarian activity
after calving remain unclear, but may reflect photoperi-
odic effects that have been identified in cattle (Peters
and Riley, 1982).

Effect of Interval from Calving to First Ovulation

The negative effects of anestrus on reproductive per-
formance have been reported previously (Thatcher and
Wilcox, 1973; Lucy et al., 1992; Senatore et al., 1996).
Early resumption of normal ovarian function can mod-
ify reproductive outcome because luteal function is im-
proved and concentrations of plasma progesterone in-
crease from first to subsequent estrous cycles after calv-
ing (Stevenson and Britt, 1979; Staples et al., 1990).
Conception success is positively associated with proges-
terone concentration in the preceding luteal phase.
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The findings in all cases indicated that cows with a
shorter interval to ovulation and less metabolic stress,
as indicated by lower milk production, lower serum
NEFA, or higher DMI, had better reproductive perfor-
mance. Cows that have successfully adapted to lacta-
tion by eating enough, by controlling tissue mobilization
or with lower milk yields are more fertile if they also
have an early resumption of cyclicity. Univariate stud-
ies will not have detected this pattern of response and
this response may explain, in part, differences be-
tween studies.

CONCLUSIONS

The multivariate survival and logistic regression
models used provided useful insights to the mecha-
nisms influencing reproductive behavior in high-pro-
ducing dairy cows. Interactions between dietary protein
degradability and indicators of body tissue mobilization
were associated with lower reproductive performance.

FCM production and DMI, factors that reflect energy,
protein, and mineral balance, influenced reproductive
outcomes. Availability of specific substrates for metabo-
lism and those that are associated with mobilization of
body tissue may mediate associations between NEB
and fertility previously identified in other studies, be-
cause concentrations of serum NEFA and plasma cho-
lesterol significantly predicted reproductive outcomes
in this study.

Cows of higher genetic merit in this study had lower
estimated energy balances. The inclusion of variables
associated with body tissue mobilization in predictive
models suggests that continued genetic selection for
higher milk yield and greater partitioning of nutrients
towards production, at the expense of body tissue re-
serves, will place dairy cows at greater risk of reproduc-
tive failure. The identification and implementation of
practical strategies to address these concerns are essen-
tial objectives for future management practices.
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