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Key points

e Non-lactational secondary traits (longevity, health, reproduction, etc.) are being included in
selection indices worldwide by decreasing the emphasis on production.

e Greater emphasis on non-lactational secondary traits reflects the industry desire for more
functional and efficient dairy cattle.

e The traditional view of an “efficient cow” was one that mobilized body fat in early lactation
so that peak milk production was maximized. This approach to efficiency has apparently
antagonized reproduction through changes in metabolic hormones.

e Dairy cattle in other systems may have differently shaped lactation curves. Changing the
shape of the lactation curve so that peak milk production is less and persistency of lactation is
greater may improve reproductive function while maintaining total lactation yield.

Introduction

Dairy cattle have been traditionally selected for milk production and milk components (fat and
protein). The traditional approach made sense because farmers are paid for milk. Dairy selection
has changed in the past decade. A compilation of dairy selection indices worldwide shows that
the weighting given to production has declined from 79% to 57% from 1996 to 2004 (Wesseldijk
2004; Figure 1). At the same time, the weight of secondary traits such has longevity, health, and
reproduction has grown from 6 to 27%. Thus, secondary traits are being included in indices by
specifically decreasing the emphasis on production.

Greater emphasis on non-production traits reflects the industry desire for functional dairy cattle.
Progress in any one trait (for example milk solids production) diminishes as the selection index
is grown to include additional traits. The hope is that appropriate economic weightings are
placed on secondary traits so that slowed progress in milk production is offset by improved farm
economics created by more functional cows. Few will argue that high fertility and mastitis
resistance have value. The real question is how much value (economic weight) do they have?
This later question is particularly difficult when one considers that selection indices are designed
for use by the national dairy herd that is comprised of increasingly diverse production systems.
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Figure 1. World selection index (composition of dairy selection indices worldwide) from 1996
to 2004 for production traits (lactation), type traits, and secondary (non-lactation traits). Data are
from Wesseldijk 2004.

Efficiency traits of importance to dairy production

What constitutes an “efficient” dairy cow in North America?

North American-style Holstein cattle are large cows. The large body size reflects the strong
correlation between TMR feed intake and milk production (Hristov et al 2005). Selecting for
milk production in a confinement system favors large cows that can consume the largest amount
of feed. This is because TMR is fed for ad libitum consumption and the biggest cows
(consuming the most feed) will generally produce the most milk. This approach to genetic
selection only works if there is a bias against high body condition score (BCS) cows. This bias
has existed in US herds for a long time; fatter cows in a TMR system are viewed unfavorably
because they do not fully partition nutrients toward milk production. Although the maintenance
requirements for large cows may seem excessive, the argument is made that the maintenance
energy required for a single high producing cow is less than two lower producing, smaller cows
that produce an equivalent sum of milk. Thus, in the North American system the large high
producing cow is viewed as the most efficient.

What constitutes an “efficient” cow in New Zealand?

Efficiency is viewed differently in other dairy systems. In this paper, the example of the New
Zealand (NZ) system will be used to contrast the North American system. Whereas the North
American system favors large cows, the NZ system places large cows at a disadvantage. The
difference arises primarily from the feeding system. Feed energy limits production in pasture-
based dairy systems (Waghorn and Clark 2004). The higher maintenance energy requirements
for larger North American style cows in NZ come at a cost in terms of body condition and milk
solids production (Kolver 2003). Although the North American cow has the ability to produce
more milk, it cannot do so in NZ because the capacity to consume adequate energy through



grazing pasture limits milk production. Thus the large negative weighting on mature body size in
NZ makes sense given that energy is limiting and excessive maintenance requirements will drain
body condition. A small negative weighting was placed on body size in the year 2000 within the
US Net Merit system (VanRaden 2004).

Efficiency and body condition

Regardless of system, modern dairy cows are thinner than their ancestors. The decrease in body
condition among modern cows reflects the continued emphasis on milk production traits (Berry
et al 2003; Horan et al 2005). Given limited capacity to consume adequate dietary energy, dairy
cows mobilize fat to support lactation (Bauman and Currie 1980). Improvements in milk
production occur more rapidly than improvements in the capacity for cows to consume
additional energy or the willingness of farmers to provide more feed. Thus, body fat is the
obvious source of the additional energy.

Most of the available literature suggests that dairy cattle have a genetically-determined set point
for body condition during lactation (Stockdale 2001; Contreras et al 2004). Once dairy cows
begin lactation, they will migrate toward their body condition set point through the coordinated
control of both feed intake and the depletion of adipose tissue. There is wide-spread consensus
that the genetically-determined set point for BCS during lactation affects the reproductive
performance of dairy cows. Cows with a high BCS during lactation have high fertility whereas
cows with a low BCS during lactation have low fertility (Pryce et al 2001). The BCS at calving
is unrelated to reproductive success because it does not reflect the actual BCS that will be
achieved during early lactation (Contreras et al 2004). Although BCS during lactation is a
valuable trait from a management perspective, it is not currently found in most selection indices.
Its absence relates to the difficultly in collecting BCS data in a systematic manner on a large
number of cows. There is a reasonable probability that BCS will be introduced into future
genetic selection indices.

What about feed efficiency?

Feed efficiency is a complicated trait, particularly when viewed within the dairy scenario. Gross
efficiencies (milk production per unit feed intake) are affected by a variety of factors including
size of cow (maintenance requirement). Smaller cows producing equivalent milk to larger cows
are clearly more efficient. Cows that lose body condition are initially viewed as efficient as well
because energy and long chain fatty acids derived from adipose tissue increase milk production
without additional feed consumed. Although this latter category of cow may be “efficient” there
are clearly downstream effects of BCS loss on reproduction (see above).

Residual feed intake (RFI; the difference between an animal’s actual feed intake and its expected
feed intake based on nutrient requirements) has been used as an index for identifying
energetically efficient beef cattle. In their study of growing beef steers, Nkrumah et al. (2004)
partitioned groups into high, medium and low RFI. Each group achieved an average daily gain of
approximately 1.4 kg/day. Cattle in the low RFI group, however, consumed about 20% less feed
per day when compared with the high RFI group. The difference in RFI was achieved without
appreciable differences in body composition. A theoretical statistical analysis of RFI suggested
that selection for RFI would be equivalent to selection on milk production and dry matter intake
(Kennedy et al 1993). The RFI index (or a combination of selection on milk production and dry



matter intake) has apparently not been applied to dairy selection. The utility of these energetic
efficiency measures seem obvious given limited feed availability in pasture systems and high
feed costs in confinement systems.

Genetic Improvements in Reproduction

Dairy cattle are inseminated and pregnancy is established during lactation. Unfortunately, recent
changes in the genetics, productivity, and management of dairy cows have led to a worldwide
decline in reproductive performance of lactating dairy cows (Lucy 2001). The energy required
to ovulate a follicle, form a corpus luteum, and maintain an early pregnancy is small compared
with the other energy demands of lactating cows. Nonetheless, reproductive tissues sense energy
demands and function poorly during nutritional stress (Lucy 2003).

Geneticists have reacted to the worldwide decline in dairy fertility by including fertility traits in
selection indices. It is impossible to capture each of the individual fertility components listed
above. Instead, time to pregnancy (the most meaningful outcome) is measured. The US has
adopted Daughter Pregnancy Rate (DPR) for fertility weightings (VanRaden et al 2004). The
DPR is based on days open (the number of days from calving to conception). A 1% increase in
DPR is equivalent to 4 days open. In untreated cattle, the DPR captures cyclicity, estrous
expression, and fertility (conception rate) in a single measure. The DPR breeding value for North
American Holstein cows has declined since 1960 but appears to have stabilized and is improving
(Figure 2). The improvement may be explained by the inclusion of longevity and DPR in
selection indices.

8
7 Holstei
—olstell
P
2 5
o
£ 4
= 2
= 17
0 _|
—_I. T T T T T
1955 1965 1975 1985 1995 2005

Year

Figure 2. Daughter pregnancy rate (DPR) breeding value for United States Holstein cows from
1957 to 2007 (USDA Animal Improvement Programs Laboratory; http://aipl.arsusda.gov).



Physiological Mechanisms that Link Efficiency with Reproduction

Genetic selection can be applied to quantitative traits but the link between successful genetic
selection and the underlying physiological mechanisms sits inside a black box. A limited number
of genes may control any one trait but these key genes are often fixed by years of selection.
There are hundreds of other genes that act on the trait of interest but these are more difficult to
find because their contribution is much smaller. A simple reproductive trait (interval to first
ovulation) will be used to illustrate the complexity of physiological processes.

Growth hormone, IGF1, and insulin

Growth hormone (GH) is a pituitary hormone that controls the growth of a variety of tissues.
Insulin-like growth factor-1 (IGF1) is released from liver and is believed to control tissue growth
as well. Growth hormone is an anabolic hormone that has the capacity to antagonize insulin
action (Etherton and Bauman 1998). Antagonizing the actions of insulin has a nutrient
partitioning effect through which the production of milk is favored.
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Figure 3. The growth hormone (GH), insulin-like growth factor-I (IGF1) endocrine axis. This
endocrine axis controls many aspects of growth, lactation, body condition, and reproduction in
dairy cattle. Central to the axis is the liver where expression of growth hormone receptor (GHR)
is controlled by nutrition, energy balance and stage of lactation. Negative energy balance in early
lactation leads to an increase in GH but low liver GHR expression and low blood IGF1
concentrations. This early lactation hormonal milieu antagonizes reproduction.

High producing dairy cows have high concentrations of GH and low concentrations of insulin
(Bauman 1999). Dairy cows also appear to suffer from insulin resistance (insensitivity to insulin



manifested at the tissue level). Growth hormone promotes lipolysis while antagonizing
lipogenesis and blocking insulin-dependent glucose uptake in peripheral (non-mammary) tissues
(Etherton and Bauman 1998). There is a large increase in circulating GH concentrations during
early lactation. This initial increase in GH drives BCS loss. After this initial period of GH action,
there is a second period where GH remains elevated in high producing dairy cows. The steady-
state blood GH concentrations may ultimately determine the BCS for the individual cow because
GH antagonizes lipogenesis. Cows in US herds are supplemented with recombinant GH
(Bauman 1999). The recombinant GH acts in a manner that is consistent with the normal effects
of GH (antagonizing insulin action and preventing lipogenesis). The net effect on the cow is
greater milk production through the nutrient partitioning effect of GH.

How do metabolic hormones (GH, IGF 1, and insulin) affect reproduction?

Many of the mechanisms that control reproduction are linked directly to the nutrition of the
animal. The reader is referred to reviews for more information on specific topics (Lucy 2000;
Lucy 2003).Follicular growth in postpartum cattle is controlled by a combination of luteinizing
hormone (LH) and follicle stimulating hormone (FSH). Follicle stimulating hormone is viewed
as responsible for initiating follicular growth and LH is responsible for final maturation of the
dominant/preovulatory follicle. Secretion of LH and FSH is controlled by GnRH from the
hypothalamus.

Postpartum cyclicity depends on body condition and negative energy balance. The negative
energy balance in early lactation depresses LH pulsatility. Postpartum cows will begin to cycle
when energy balance improves and LH pulsatility reaches a critical level. The increase in LH
pulsatility stimulates the maturation of a dominant follicle. The dominant follicle produces
estradiol that reaches a threshold level to trigger estrus, the LH surge, and ovulation.

Insulin and IGF-I concentrations gradually increase postpartum. Cows in negative energy
balance have lower blood concentrations of insulin and IGF-I. Insulin and IGF-I stimulate GnRH
secretion from the hypothalamus and LH secretion from the pituitary. The hormonal control of
GnRH and LH, therefore, arises from the metabolic and nutritional status of the animal via
insulin and IGF-I. It does make sense that these peripheral metabolic hormones will act on the
hypothalamus to convey information from metabolically important tissues. A variety of
metabolites (glucose, fatty acids, etc.) and other hormones may also be involved.

The same metabolites and hormones that influence GnRH secretion and ultimately LH and FSH
secretion may act directly on the ovary to influence the sensitivity of the ovary to LH and FSH.
Thus, the effects of nutrition on reproduction are manifested at the ovary and at the pituitary and
hypothalamus through metabolic hormones (GH, IGF1, and insulin) that are essential for nutrient
partitioning. In addition to the follicle, the corpus luteum, uterus, and embryo respond positively
to insulin and IGF1.

Nutrient partitioning for greatest milk production occurs when blood GH is elevated and blood
insulin and IGF1 are low. Improvements in reproduction occur under a contrasting hormonal
milieu (i.e., high blood insulin and IGF1 concentrations). It is difficult, therefore, to consistently
achieve good reproduction in cows that undergo extremes in nutrient partitioning and have low
insulin and IGF1.



Nutrient Partitioning in New Zealand versus North American Cattle

We recently completed a trial where dairy cows with diverse genotypes were studied in a
common pasture grazing environment in New Zealand (Lucy et al 2009). Three genetic strains
and two different feed allowances were studied. One question that we asked related to the
performance of cows with modern North American (NA) genetics relative to modern New
Zealand (NZ) genetics in a pasture-based system. The data reported here quantified this
comparison as it related to milk production, energy balance, and the uncoupling of the
somatotropic axis.

Reproductive success is closely tied to BCS during early lactation. A primary objective of the
study, therefore, was to examine mechanisms controlling BCS loss during early lactation. The
NA cows lost more BCS during early lactation than NZ cows (Figure 4). The predominant period
of BCS loss was the first eight weeks after calving. Afterwards (wk 9 to 16), the NA cows
continued to lose BCS, but at a slower rate. In comparison, the NZ cows gained BCS during this
period (after 8 wk postpartum). Excessive BCS loss for cows with predominately NA genetics
has been reported previously in studies comparing these strains. The difference in BCS for NA90
cows relative to NZ70 (approximately 1 BCS unit by 16 wk of lactation on the 10-point BCS
scale) is equal to approximately 0.3 units on the NA 1 to 5 BCS scale.
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Figure 4. Body condition score (BCS) of New Zealand and North American cows on NZ
pasture. Data are from Lucy et al (2009).

Milk production was expressed as Mcal NE, in milk, based on kg protein, fat, and lactose.
Although total milk NE during the first 16 wk was nearly identical for the NA and NZ cows,
there appeared to be a distinct difference in the shape of the NE; profile for the two strains. The
NA cows ascended to peak milk energy production rapidly after calving and maintained greater
milk energy production than NZ cows from 2 to 6 wk postpartum (Figure 5). This period of
greater milk energy production coincided with the period of greatest BCS loss in NA cows. The



differences in milk energy production were relatively minor (about 10%) and short-lived
(approximately 4 wk). Nonetheless, the difference in milk energy production could account for
most of the BCS loss in NA90 cows because the additional NE;, for milk (36 Mcal) was
approximately equal to the predicted Mcal provided by the BCS loss (35 Mcal; Figure 4).
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Figure 5. Milk net energy (NE) of New Zealand and North American cows on NZ pasture. Data
are from Lucy et al (2009).

Excessive BCS loss in early lactation is a characteristic of NA cows under pasture management
systems. It is also a characteristic of NA cows in the traditional NA system where negative
energy balance during early lactation is considered necessary to support a high level of milk
production. Components of the somatotropic axis were examined to determine if GH was
coordinating the changes in BCS in this study. Growth hormone concentrations were greater in
NA cows, particularly during the first 9 wk of lactation (Figure 6, upper panel). Growth hormone
facilitates lipolysis during early lactation. The greater loss in BCS for NA cows, therefore,
perhaps could be explained by the greater plasma GH concentrations in NA cows. The elevated
plasma GH concentrations were associated with greater BCS loss in NA90 cows.

Plasma IGF1 concentrations are an indicator of postpartum energy balance and the extent of the
uncoupling of the somatotropic axis. In high producing dairy cows, the somatotropic axis is
uncoupled shortly after calving (Lucy et al 2001). Recoupling of the axis requires heightened
liver GHR expression and the re-establishment of liver IGF-I synthesis and secretion (Figure 3).
The recoupling event depends on nutrition and energy balance (better nutrition and more positive
energy balance leads to liver GHR expression and liver IGF-I synthesis and secretion). The NA
cows apparently stayed within a more catabolic state (negative energy balance) during early
lactation because their IGF1 concentrations were less than NZ cows (Figure 6, lower panel).
Perhaps maintenance requirements and the capacity of the mammary gland to produce milk
exceeded nutrient availability in NA cows. Physiologically, the NZ cows had the capacity to
recouple their somatotropic axis earlier postpartum because they shifted toward a more anabolic



state. This shift toward an earlier anabolic state was apparently related to a slower rise to peak
milk production (Figure 5).
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Figure 6. Plasma GH (top graph) and IGF1 (bottom graph) from New Zealand and North
American cows on NZ pasture. Data are from Lucy et al. (2009).

-—New Zealand
—4a—North American

Plasma IGF-l (ng/ml)

Rethinking the Lactation Curve of North American Dairy Cattle

Figure 5 (above) shows that the NZ cows produced less milk in early lactation. This may
represent a distinct physiological difference between NZ and NA cows. Less early lactation milk
production in NZ cows apparently leads to less BCS loss in early lactation. This may explain
why NZ cows are superior to NZ cows in terms of postpartum reproduction (cows in better body
condition typically have better reproductive rates).

An interesting question that could be raised is whether or not the US dairy industry should
attempt to change the lactation curve of the cow to relieve some of the BCS loss in early



lactation (Figure 7). If peak milk production was less and persistency was greater then the overall
level of production across the entire lactation may not change (loss of milk at peak being
compensated by greater production in later lactation). Manipulating the lactation curve in this
manner for the purpose of alleviating BCS loss is not a new concept and was proposed in 1985
(Ferris et al. 1985). Peak milk production, ascent to peak production, and persistency are traits
with moderate heritability so the shape of the lactation curve can theoretically be changed.
Nonetheless, Ferris et al (1985) concluded that genetic improvement in total milk production is
difficult when peak milk production is not emphasized. Subsequent recent publications have
again raised the possibility of increasing persistency and decreasing peak milk yield as a means
to alleviate BCS loss (Macciotta et al. 2006).
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Figure 7. Theoretical model of milk production, energy balance, and body condition score
(BCS) in two dairy cows. Peak milk production in early lactation is greater in Cow A. This
greater milk production is achieved through negative energy balance and body condition
mobilization (BCS loss). The loss of BCS antagonizes reproduction. In Cow B, peak milk
production is less in early lactation. Negative energy balance and BCS loss is also less (similar to
NZ cow). This cow may have better reproduction because BCS loss is less. Increased persistency
may be one means of offsetting lost milk production in early lactation.

Conclusions
Non-lactational secondary traits (longevity, health, reproduction, etc.) are being included in

selection indices worldwide by decreasing the emphasis on production. Greater emphasis on
non-lactational secondary traits reflects the industry desire for more functional and efficient dairy



cattle. The traditional view of an “efficient cow” was one that mobilized body fat in early
lactation so that peak milk production was maximized. This approach to efficiency has
apparently antagonized reproduction through changes in metabolic hormones. Dairy cattle in
other systems may have differently shaped lactation curves. Changing the shape of the lactation
curve so that peak milk production is less and persistency of lactation is greater may improve
reproductive function while maintaining total lactation yield.

References

Bauman DE. Bovine somatotropin and lactation: from basic science to commercial application.
Domestic Animal Endocrinology 17, 101-16 1999

Bauman DE, Currie WB. Partitioning of nutrients during pregnancy and lactation: a review of
mechanisms involving homeostasis and homeorhesis. Journal of Dairy Science 63, 1514-29,
1980

Berry DP, Buckley F, Dillon P, Evans RD, Rath M, Veerkamp RF. Genetic relationships
among body condition score, body weight, milk yield, and fertility in dairy cows. Journal of
Dairy Science 86, 2193-204, 2003

Contreras LL, Ryan CM, Overton TR. Effects of dry cow grouping strategy and prepartum
body condition score on performance and health of transition dairy cows. Journal of Dairy
Science 87, 517-23, 2004

Etherton TD, Bauman DE. Biology of somatotropin in growth and lactation of domestic
animals. Physiology Reviews 78, 745-61, 1998

Ferris TA, Mao IL, Anderson CR. Selecting for lactation curve and milk yield in dairy cattle.
Journal of Dairy Science 68, 1438-48, 1985

Horan B, Dillon P, Faverdin P, Delaby L, Buckley F, Rath M. The interaction of strain of
Holstein-Friesian cows and pasture-based feed systems on milk yield, body weight, and body
condition score. Journal of Dairy Science 88, 1231-43, 2005

Hristov AN, Price WJ, Shafii B. A meta-analysis on the relationship between intake of
nutrients and body weight with milk volume and milk protein yield in dairy cows. Journal of
Dairy Science 88, 2860-9 2005

Kennedy BW, van der Werf JH, Meuwissen TH. Genetic and statistical properties of residual
feed intake. Journal of Animal Science 71, 3239-50, 1993

Kolver ES. Nutritional limitations to increased production on pasture-based systems.
Proceedings of the Nutritional Soceity 62, 291-300, 2003



Lucy MC. Regulation of ovarian follicular growth by somatotropin and insulin-like growth
factors in cattle. Journal of Dairy Science 83, 1635-47, 2000

Lucy MC. Reproductive loss in high-producing dairy cattle: where will it end? Journal of Dairy
Science 84, 1277-93, 2001

Lucy MC, Jiang H, Kobayashi Y. Changes in the somatotropin axis associated with the
initiation of lactation. Journal of Dairy Science 84(E supplement), E113-9, 2001

Lucy MC. Mechanisms linking nutrition and reproduction in postpartum cows. Reproduction
Supplement 61, 415-27, 2003

Lucy MC, Verkerk GA, Whyte BE, Macdonald KA, Burton L, Cursons RT, Roche JR,
Holmes CW. Somatotropic axis components and nutrient partitioning in genetically diverse
dairy cows managed under different feed allowances in a pasture system. Journal of Dairy
Science 92, 526-39, 2009

Macciotta NP, Vicario D, Cappio-Borlino A. Use of multivariate analysis to extract latent
variables related to level of production and lactation persistency in dairy cattle. Journal of Dairy
Science 89, 3188-94, 2006

Nkrumah JD, Basarab JA, Price MA, Okine EK, Ammoura A, Guercio S, Hansen C, Li C,
Benkel B, Murdoch B, Moore SS. Different measures of energetic efficiency and their

phenotypic relationships with growth, feed intake, and ultrasound and carcass merit in hybrid
cattle. Journal of Animal Science 82, 2451-9, 2004

Pryce JE, Coffey MP, Simm G. The relationship between body condition score and
reproductive performance. Journal of Dairy Science 84, 1508-15, 2001

Stockdale CR. Body condition at calving and the performance of dairy cows in early lactation
under Australian conditions: a review. Australian Journal of Experimental Agriculture 41, 823-
39, 2001

VanRaden PM. Invited review: selection on net merit to improve lifetime profit. Journal of
Dairy Science 87,3125-31, 2004

VanRaden PM, Sanders AH, Tooker ME, Miller RH, Norman HD, Kuhn MT, Wiggans
GR. Development of a national genetic evaluation for cow fertility. Journal of Dairy Science 87,
2285-92, 2004

Waghorn GC, Clark DA. Feeding value of pastures for ruminants. New Zealand Veterinary
Journal 52,320-31, 2004

Wesseldijk B. Secondary traits make up 26% of breeding goal. Holstein International 11, 8-11,
2004



