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SUMMARY
Yields of milk, fat, and protein have heritabilities of about .25; heritabi1ities of percentages fat and protein are about .5 to .6. Reproductive traits
have heritabilities of <.10. Cows must continue to reproduce while sustaining
high levels of production. There is competition for nutrients between the mam
mary gland and uterus, particularly when cows conceive for the next lactation.
Most evidence, to date, indicates a genetic antagonism between production and re
production once cows calve and are under the stress of production; however, con
ception in virgin heifers may be complementary to production in first lactations,
but the evidence is not strong on the latter. The question is whether selection
for daughter reproduction can be justified economically. Mixed-model multipletrait analyses should be applied to more complete models to attempt to better
understand the relationship between production and reproduction.
INTRODUCTION
The economic importance of production and reproduction in dairy cattle needs
no justification. Cows must be kept economically fit in all traits related to
the production of milk and its components, or less than maximum net return will
result. As populations are selected farther and farther from their original
mean, some traits, such as fitness, are likely to become limiting. Alterna
tively, where a number of traits have economic importance, there may be antag
onistic genetic relationships that limit gains in all traits. Well-established
examples are the negative genetic correlations between yields of milk and its
components and percentages of components. In principle, one of these alterna
tives can exist or be in the formative stages of development in dairy cattle.
Genetic antagonism between production and fertility could be a problem.
In dairy cattle, losses due to infertility or delayed fertility and mastitis
are the primary cause of involuntary losses. It is important to know the vari
ance-covariance structure among these traits to optimize genetic gain. This pa
per will concentrate on genetic control of fertility and production and their
genetic relationship.
PHYSIOLOGICAL BACKGROUND
It is intuitively obvious that there is competition for nutrients between the
uterus, the mammary gland, and the remainder of the body. The uterus and mammary
gland are the two most metabolically active organs in dairy cattle. They both
demand very significant parts of blood flow and available nutrients. Ferrell and
Ford (1980) showed that up to 20% of the cardiac outflow of pregnant beef cows
goes to the uterus during the time of maximum nutrient uptake. Tucker (1981)
pointed out that blood flow to the mammary gland markedly affects milk produc
tion. The ratio of blood flow to milk yield is approximately 500:1, and mammary
blood flow is related linearly to milk secretion. Tucker (1981) also indicated
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that mammary flow increases 2 to 3 days before parturition and that this coin
cides with a decreasing uterine blood flow. Results in ewes (Christian and
Prior, 1978) and in cows (Ferrell and Ford, 1980) suggest that the increase nu
trient and oxygen uptake of the uterus during pregnancy is a direct result of
increased blood flow to the uterus. Thus, blood flow to the gravid horn contain
ing the fetus, once it is established, must be maintained for normal growth and
development, even at the expense of other vascular beds, including the mammary
gland. This is probably why milk flow decreases faster in the latter months of
lactation in a pregnant cow compared with a nonpregnant cow.
Blood flow and nutrient uptake are high in the mammary gland at the peak of
lactation and in the uterus as pregnancy advances up to 160 days, when blood flow
reaches a maximum. Thus, competition for nutrients is well established during
this time. The other critical time is at or slightly after peak lactation when
normal estrus cycles begin and breeding should reestablish pregnancy. Little
seems to be published about partitioning of nutrients at this time.
Fonseca et al. (1983), in a detailed study using 96 Holstein and 116 Jersey
cows, studied the phenotypic relations among early postpartum traits, age, yield,
and clinical abnormalities. Generally, their results provided little support for
the concept that early postpartum reproductive traits, such as intervals to in
volution of cervix and uterus, first ovulation, and duration of the first two
postpartum estrus cycles, are adversely affected by high yield. Age at calving
and clinical abnormalities at parturition or postpartum influenced more traits
than yield.
In contrast to the results of Fonseca et al. (1983), the interval from
parturition to first ovulation in dairy cows has been shown to be related to the
amount of milk produced (Marion and Grier, 1968; Stevenson and Britt, 1979;
Butler et al., 1981) and is longer in cows with a high genetic potential for milk
production (Whitmore et al., 1974).
Another approach to studying the relation of production and reproduction has
been attempts to relate energy balance to reproductive performance. High-pro
ducing dairy cows are usually in negative energy balance in early lactation and
must mobilize body reserves to increase or maintain milk production. Butler et
al. (1981) found a negative correlation of .80 between amount of milk produced
and average energy balance during the first 20 days of lactation. They found a
negative correlation of .60 between energy balance and days from parturition to
the first normal ovulation. They also reported that, on the average, ovulation
and the first normal luteal phase occurred approximately 10 days after energy
balance was most negative and began to move toward zero.
The extent and rate of body weight loss during early lactation in dairy cows
influences the interval from calving to first estrus, the conception rate for a
single mating, and the interval from calving to conception (Menge et al., 1962;
Boyd, 1972; McClure, 1970; Whitmore et al., 1974). In general, cows that de
crease body weight early in lactation <35 kg had a mean interval to first service
of 72 days, whereas those losing more than 35 kg had a mean interval to first
service of 104 days (Haresign, 1981).
Harrison (1985) found significant changes before first estrus for blood
glucose, beta-hydroxybutryate, free fatty acids, total dry-matter intake, and
energy balance. Glucose in plasma increased during the first 150 days of lac
tation, and beta-hydroxybutryate and free fatty acids decreased. He found that
the greater the rate of increase of energy balance, the fewer were the days to
first visual estrus. Rates of increase in energy balance and days to first
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visual estrus were correlated negatively with milk yield.
Ducker and Morant (1984) found no enhancement of reproductive efficiency with
increasing nutrient intake for a 9-week period around time of breeding. They
found that both yield and rate of change in milk yield affect fertility. The
change of pregnancy was significantly lower in cows whose milk yields on day 21
were high, but among those cows with similar yields on day 21 those with higher
cumulative yields at that time, and those whose rate of increase in milk yield
since calving had therefore been slowest tended to become pregnant more readily
than those with lower cumulative yields at that time.
Huizinga et al. (1985a,b) investigated effects of cytoplasmic inheritance on
milk production and reproductive traits by tracing maternal pedigree linage.
Adjustments were made for appropriate fixed effects, and for sire and maternal
grandsire effects for milk production, but not for reproductive effects. Cyto
plasmic origin accounted for 10 to 13% of the variation in fat plus protein and
8 to 10% the variation in number of inseminations per conception and age at
first calving of nullipara cows. The data were from combinations of Dutch,
British Friesian, and U.S. Holsteins.
Mammary tissues from mice lines selected to be 31% different (P<.01) in milkproducing ability were used by Shank (1985) to study mitochondrial difference
related to milk production. Litter weight at 12 days in cross-fostered high and
low lines was used to measure milk production. Production per mitochondrial
cytochrome oxidase activity (P<.01) and production per state 3 oxygen consumption
(P<.05) differed between lines. Cytochrome oxidase is the terminal rate-limiting
enzyme in the electron transport respiratory chain, and state 3 oxygen consump
tion is the maximal rate of oxygen consumption by intact mitochondria. This work
will be extended to dairy cattle.
GENETIC CONTROL OF MILK PRODUCTION
About 20 to 30% of the variation in milk production is due to additive gen
etic variation. There is reason to believe that heritabilities are higher at
higher production levels. Maijala and Hanna (1974) selectively summarized world
literature, including the estimates that they believed to be more reliable
(Table 1). These data are not the most recent, but more recent estimates would
be in the same range.
Maijala and Hanna (1974) gave weighted estimates of heritabilities from the
lowest to the highest levels of herd production for milk as .19, .206, .258,
.276, and .355. Van Vleck (Cornell Univ., Ithaca, N.Y., personal communication,
1985) has recently shown that heritabilities differ by herd level of production
for milk, being the highest in high-level herds. For milk production, as the
mean increases, so does the variance. Everett et al., 1983, show that, in herd
levels of 9,979 kg, the error standard deviation was 1,179 kg, whereas the error
standard deviation was 862 kg in herd levels of 5,897 kg. Perhaps the higher
estimates of heritabilities in higher herd levels is at least in part a function
of the higher variances in higher herd levels.
Heritabilities are generally larger in first lactations and tend to decrease
to second and third lactations (Maijala and Hanna, 1974). This does not seem to
be related to different variances at higher levels. The latter lactation esti
mated would be more subject to selection bias, but udders are subject to more
damage as age advances, which could easily increase error variance as time pro
gresses, resulting in lower estimates of heritability.
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Weighted phenotypic and genetic correlations among first-lactation traits
from Maijala and Hanna (1974) are in Table 2. The estimates of genetic corre
lations in Table 2 agree within +.05 of the estimates given by Wilcox and
Farthing (1971), except for the genetic correlation between yields of milk and
fat, which was .70, and yield of fat with percentage fat, which was .46. The
latter were estimated from 9,102 Holstein records in 93 herds and by 861 sires.
The correlated structure among yields and percentages clearly indicates that
selection for concentration will reduce yields of protein and fat (Freeman,
1986).
GENETIC CONTROL OF REPRODUCTION
Reproduction is dependent upon sires' ability to produce large volumes of
fertile semen and ability of cows to conceive. Rate of sperm production is
economically important for bulls in artificial insemination. Taylor et al.
(1985), using data from 149,399 semen production records from 2,351 bulls, found
repeatabilities of total sperm, volume, and concentration to be .26, .23, and
.37, respectively; heritabilities were .03, .18, and .10. Genetic correlations
between first-ejaculate measures on young bulls ranged from -.06 to .05.
Some specific causes of delayed reproduction or reproductive failure that
seem to have a genetic basis have been found. Among these are cystic ovaries
(Cassida and Chapman, 1951; Henricson, 1957), gonadal hypoplasia (Lagerlof and
Settergren, 1961; Lundgren, 1972), and chromosome abberations (Gustavsson,
1969). Recent work of Shanks et al. (1984) has shown that an enzyme UMP Synthase
is likely associated with calf livability, and they have postulated a simple
recessive inheritance. This is by no means an exhaustive list of this type of
research, but does indicate reason to be concerned about such disorders in se
lection decisions. Much more work is needed in this area.
Statistical measures of female fertility are functions of whether or not the
cow conceives and how long it takes her to conceive. Maijala (1976, 1978) re
viewed fertility measures in both males and females and concluded that there is
significant additive genetic variance in fertility traits but that heritabilities
are low, of the order of 1 to 5%.
Genetic control of female fertility has been summarized by several people.
Maijala (1964) reviewed repeatability and heritability estimates of number of
services per conception and calving interval from 1931 to 1957. Weighted
averages of these estimates were .077 for repeatability and .032 for heritability
of number of services; .123 for repeatability and .033 for heritability for
calving interval.
Philipsson (1980) also considered a wide range of literature and concluded
that, although heritability estimates are small (<.10), considerable genetic
variation exists. He calculated genetic standard deviations and expressed them
as coefficients of variation in percentages of means. These genetic coefficients
of variation ranged from 3.0 to 17.8%.
Hansen et al. (1983a,b,c) further reviewed the literature and investigated
the heritabilities of fertility from data from the northeastern part of the U.S.
All these data reinforced the conclusion that heritabilities of all measures of
reproduction are almost certainly less than .10 and probably closer to .05, even
though there is some additive genetic variance for these traits.
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RELATIONSHIP OF PRODUCTION AND REPRODUCTION
Milking cows
Hansen et al. (1983b,c) reviewed the literature on the relationship of yield
and production. There was evidence that substantial antagonism exists from some
work, but not from other. Laben et al. (1982) found days to first breeding, days
to last breeding, days open, and number of breedings associated with 100-kg in
crease in 180-day fat-corrected milk (FCM) averaged .27, .80, .61, and .014,
respectively. This work on 130,000 cows from California indicates that high
yield and associated stress have a small phenotypic, but real depressing effect
on fertility; however, records from high-producing herds show that this antag
onism can be overcome by good management.
Berger et al. (1981) used the same data source as Laben et al. (1982) and
investigated the genetic relationship of yield and fertility by using 72,187
records. Genetic correlations in first lactation were highest between measures
of reproductive performance and 305-day FCM (.48 to .62) and decreased for 180and 60-day (.36 to .47) yields; the latter were unaffected by pregnancy.
Because of the potential importance of this problem, Hansen et al. (1983b),
using independent data from the northeastern U.S., found genetic correlations
ranging from .14 to .49 in first lactation among measures of yield and fertility,
again showing a genetic antagonism.
Bar-Anan et al. (1981), using 209,863 records from Israeli herds, found a
strong positive phenotypic association between 305-day yields and days open.
Yield per day between calvings and days open were positively associated in
primiparous and, negatively, in multiparous cows. This interaction did not
exist, on a genetic basis, in the data of Berger et al. (1981) and Hansen et al.
(1983b).
Bar-Anan et al. (1985), using Israeli cattle based on indirect computation
of genetic correlations of Predicted Differences with measures of fertility
suggests that breeding for persistency would increase economically corrected
annualized milk and conception rate and decrease culling. However, cows with
high yields during the month of insemination had lower conception rates than
other cows in the herd. Across herds, economically corrected annualized yield
was associated positively with conception rate in first-lactation cows, but not
for second- and third-lactation cows. Seemingly, higher yields of later-lacta
tion cows compared with first-lactation cows make it difficult to prevent the
antagonistic intracow effect of yield on fertility.
Seykora and McDaniel (1983) found that genetic correlations
between yields and days open were all antagonistic, ranging from .35 to .60.
Bertrand et al. (1985) found that, in later generations of an experiment selec
ting for only milk yield, daughters of high sires experienced a higher frequency
of breedings and more reproductive problems than daughters of average sires.
Other selection experiments have not shown this antagonism when lines have been
selected in divergent directions for yield; however, results have not been re
ported in later generations. Selected lirtes would have to be separated sub
stantially, perhaps by 1,000 kg, to be expected to show antagonism between pro
duction and reproduction.
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Relationship between virgin heifer fertility and later production
Fertility in virgin heifers versus cows, and particularly heifer fertility
and later lactation performance, has not been studied extensively. These are
economically important questions. Probably, the reason for lack of investigation
into the genetic aspects of these problems is because data in large volume are
not readily available for heifer fertility.
Hansen et al. (1983c) reviewed the literature and found conflicting results
suggesting that heifer and cow fertility were unrelated, that heritability of
heifer fertility was higher than in cows, that heifer and cow fertility were
closely related"genetically, that heifer fertility did not differ by genetic
potential for yield, and that first-parity yield may be related differently with
heifer versus cow fertility. Recommendations from Europe (Gaillard et al., 1977)
are to include fertility in indexes for evaluation of sires. Even considering
past work and recommendations, very little had been done to quantitate the
biological or economic consequences of the heifer-cow fertility-yield relation
ship.
Results from the northeastern U.S. are reported by Hansen et al. (1983a,b,c).
Hansen et al. (1983c) found slightly higher heritabilities for heifers than most
other authors had for cows. Whether there is a difference between genetic ex
pression of fertility traits in heifers and cows is questionable but, if so, all
have low heritabilities. They showed a favorable relationship between heifer
fertility and FCM at 120, 180, 305 days, and ME-2X-305 milk in first parity.
Measures of heifer fertility were service period, mean days between services, and
number of services. The genetic correlations were generally between -.08 and
-.38, but many were not larger than their approximate standard errors. The signs
of all corrections were, however, consistent and in the favorable direction.
The genetic indications are that heifer fertility is favorably related to
first-lactation production, but fertility and yield are antagonistic after first
lactation. Hansen et al. (1983c) evaluated the economic implications of this
unusual relationship among yield and fertility traits by using standard selection
index applications. Days open was limited to 150 days in an attempt to avoid
bias by including cows that might have received more reproductive attention
because they produced more. There was, however, little difference between para
meter estimates whether or not length of days open was restricted. Selection
for only 305-day FCM (Y305) resulted in 392 kg estimated gain per generation, an
increase of 1.6 days open, and a decrease of 1.1 days service period for heifers.
Selecting only for decreased days open in cows resulted in 5.8-day decrease, but
Y305 declined 107 kg, and heifers' service period increased 2.5 days. The re
sults assumed perfect accuracies in estimating breeding values. More modest re
sults were obtained by using 80 daughters per sire. After consideration of a
range of economic values, the only plausible economic alternative to apply
selection for reproductive traits seemed to be holding days open in cows con
stant. A small sacrifice in milk and heifer service period would be expected
with this restriction.
Age of heifers at first breeding (AGE FB) and age of heifers at successful
breeding (AGE SB) can be considered as measures of fertility, but may also be
considered measures of maturity. Age at successful breeding does not allow
using data from heifers that never conceive. Hansen et al. (1983c) estimated
heritabilities of .06 for AGE FB and .16 for AGE SB. Seykora and McDaniel
(1983) estimated heritability of age at first calving as .06, which is essen
tially the same trait as AGE SB. In their work, age at first calving was
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favorably related to lactation yields; genetic correlations were from - 21 to
-.36, with yield traits. Hansen et al. (1983c) also showed large favorable
genetic corrections, -.25 to -.58, among AGE FB, AGE SB, and all measures of
milk production. The data indicate that selection for increased yields would be
expected to decrease ages at which heifers breed.
DISCUSSION
There is little doubt that heritabilities of reproductive traits are low. It
can be hypothesized that natural selection over time has depleted the additive
genetic variance in reproductive traits. Philipsson (1980), however, gives
evidence that there is still considerable genetic variance in fertility traits
but the environmental variance is large. Selection to improve daughter repro-’
auction is possible, but would be associated with considerable loss in production
(Hansen et al., 1983c). Clearly selection for production has been successful.
The primary issue is the association between production and reproduction.
This issue has at least two primary genetic questions. The first relates to
methods of estimation and choice of models; the second, to whether the relation
ship is complementary between virgin heifer fertility and first-lactation pro
duction and antagonistic between production and reproduction after the stress of
lactation is initiated.
Considering published information, the majority of evidence to date does
indicate a clear, but not overwhelming large, antagonism between production and
reproduction in lactating cows. The stress of production seems to delay repro
duction. To date, however, good management can overcome this antagonism in herds
producing at high levels (Laben et al., 1982).
There is good physiological reason to believe that dairy cows partition
nutrients between production and reproduction in early lactation, and for dairy
cows, that path toward production seems favored to the extent of delaying con
ception. As production increases, this partitioning is continued longer, with a
tendency toward delaying conception longer for the higher-producing cows. This
seems to be under genetic control, although this control is not complete. Even
though higher-producing cows may have ovarian cycles early in lactation, visible
estrus may not be as evident, conception may not occur as readily, etc.
The evidence is not nearly as strong that there is a complementary associa
tion of fertility in virgin heifers and first-lactation production. Although,
to date, this seems plausible from the published data. More data and analyses
are clearly needed to answer this question.
Estimates of all parameters have been made trait by trait, assuming homeogenous error variance and covariance components. Multiple-trait mixed-models
should be used to estimate the variance-covariance structure by using Restricted
Maximum Likelihood. This methodology should produce estimates of genetic and
environmental correlations that would be as reliable as is currently possible
This, of course, assumes that traits for both fertility and production are
continuous normally distributed variables. This is no problem with production
and little problem with measures of fertility such as days open, but can be a
more substantial problem if number of services are used as the measure of
fertility. Foulley et al. (1983) presented a method to estimate genetic merit
and variances and covariance from jointly distributed binary and continuously
distributed.variables. By extending their results from binary to cateqorical
classifications, their methodology would apply to this problem.
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Optimum estimation of parameters, not only assumes estimators with desirable
statistical properties are used, but also assumes that they are applied to a
model that reasonably describes the biology of the problem and is still analy
tically feasible. Such a model may not be completely described, but enough work
has been done to allow some advanced attempts to model production and fertility
traits from a quantitative genetic perspective. A reasonable model is to con
sider that milking cows have different genotypes for production and reproduction
and that these are different from virgin heifers genotype for reproduction.
These could then be used in a multiple-trait model. Also, relationships between
fertility and production should be considered early enough in the lactation so
that cows would not be bred or that pregnancy would not be advanced far enough
to interfere ^er se with production. Knowledge of genetic and environmental
parameters from multiple-trait analyses should be useful in understanding the
biology.
Knowledge relating the production-reproduction complex does not seem adequate
to make clear recommendations to the breeding industry; however, reliable data
should be collected continuously on daughter fertility of sires in A.I. to moni
tor differences between sire-daughter groups and to provide reliable data to
study this problem. A few additional thoughts may be useful. Continued success
ful selection for production may depress reproduction to where selection on re
production may be necessary or at least to apply some selection to avoid further
depression. Should this be anticipated and selection be applied early enough to
avoid major problems? Alternatively, will reproductive physiologists develop
new techniques to enhance reproductive performance so that selection will not be
necessary? To date reproductive management has benefitted from control of major
diseases, such as control of brucellosis, and from application of many smaller
uses of knowlege. Large improvement may be made, but it seems that all improve
ments must ultimately be compatible with or dependent upon the genotypes in the
organism to which new technology is applied.
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Table 1.

Summary of heritability and repeatability estimates of first
lactations, from Maijala and Hanna (1974).
Trait

Heritability

Milk yield
Fat yield
Protein yield
Fat percentage
Protein percentage
Protein/Fat ratio

Table 2.

Repeatability

.27
.24
.27
.47
.48
.47

.49
.49
.69

Estimates of genetic correlations (above diagonal) and phenotypic
correlations (below diagonal) from world literature.
Milk

Milk
Fat
Protein
% Fat
% Protein

.86
.95
-.21
-.26

Fat

Protein

.81

.85
.85

.93
.23
.08

-.02
.05

%

Fat

-.31
.21
.08

%

Protein
-.28
.14
.23
.58

.49*

♦Unweighted
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