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Energy and Protein Nutrit ion
Management of Transition Dairy
Cows

Ian J. Lean, BVSc, DVSc, PhD, MANZCVSa,*,
Robert Van Saun, DVM, MS, PhDb, Peter J. DeGaris, BVSc (Hons), PhDc

INTRODUCTION

The aims of this article and a companion article in this issue are to briefly review some
of the underlying physiology of changes that occur around calving, examine the poten-
tial to control the risk of disease in this period, increase milk production, and improve
reproductive performance through better nutritional management. Practical guidelines
for veterinarians and advisors are provided.
The periparturient or transition period in the 4 weeks before and 4 weeks after

calving is characterized by greatly increased risk of disease.1–3 The last 3 to 4 weeks
of gestation are characterized by a period of rapid fetal growth, colostrogenesis and
mammary development, and metabolic adjustments favoring mobilization of fat and
other nutrients; all in combination with declining dry matter intake (DMI). The first 3
to 4 weeks after parturition features slowly increasing DMI in conjunction with rapidly
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KEY POINTS

� The periparturient or transition period in the 4 weeks before and 4 weeks after calving is
characterized by greatly increased risk of disease.

� The last 3 to 4 weeks of gestation are characterized by a period of rapid fetal growth, co-
lostrogenesis and mammary development, and metabolic adjustments favoring mobiliza-
tion of fat and other nutrients; all in combination with declining dry matter intake (DMI).

� The first 3 to 4 weeks after parturition features slowly increasing DMI in conjunction with
rapidly increasing nutrient losses in support of milk production.
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increasing nutrient losses in support of milk production. During this time rapid mam-
mary tissue growth continues as well as hypertrophy of key metabolic and digestive
organs. Metabolically, the cow is in a state of nutrient reserve mobilization, primarily
adipose and labile protein but also bone. A critical adaptation is to stabilize homeo-
static control mechanisms of key nutrients including glucose and calcium in support
of lactation. These adaptations to the demands of the fetus and lactation are a process
termed homeorhesis.4 Homeorhetic processes are the long-term adaptations to a
change in state such as from being nonlactating to lactating or nonruminant to rumi-
nant and involve an orchestrated series of changes in metabolism that allow an animal
to adapt to the challenges of the altered state.
Diseases that result from disordered homeorhetic change reflect disorders in ho-

meostasis, in other words, these are failures to adapt that result in shortages of nutri-
ents that are vital for existence. These conditions are often interrelated2,5,6 and include

� Hypocalcemia and downer cows
� Hypomagnesemia
� Ketosis, fatty liver, and pregnancy toxemia
� Udder edema
� Abomasal displacement
� Retained fetal membranes/metritis
� Poor fertility and poor production

Although in the past, there has been a tendency to look at metabolic systems in
isolation, metabolic processes within the body are intricately linked. This concept re-
flects a need for effective homeostatic control of metabolism. A failure of one meta-
bolic process inevitably affects the efficiency of others. As research progresses,
homeostatic links between metabolic processes once believed to be distant and
unrelated are continually uncovered. As a result of the increased understanding of
homeostatic processes, the concept of transition feeding has evolved from one
focused only on control of milk fever to an integrated nutritional approach that
addresses optimization:

� Calcium and bone metabolism
� Energy metabolism
� Protein metabolism
� Immune function
� Rumen function

Addressing any one of these areas in isolation would be of some benefit, but devel-
oping integrated nutritional strategies based on an understanding of the homoeostatic
and homeorhetic processes involved in the transition from a nonlactating to lactating
animal would have substantial benefits.
Grummer7 stated that “If transition feeding is important, then perturbations in nutri-

tion during this period should affect lactation, health and reproductive performance.”
There is now a substantial body of evidence clearly confirming that the transition
period represents a brief but critically important period of time in a cow’s life when
careful manipulation of diet can have a substantial impact on subsequent health
and productivity. The aims of transition can be summarized in the establishment of
4 freedoms from the disorders outlined in Table 1.8

By achieving these goals, minimizing the loss of body protein before calving, and
enhancing mammary development in the periparturient period, milk production will in-
crease in the subsequent lactation. Although transition cow nutrition research results
are not consistent across studies, milk production responses relative to controls are in
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the order of 500 to 1000 kg of milk per lactation with improved transition cow nutrition
andmanagement. Targets for the various disease conditions encountered during tran-
sition are outlined in Table 2 and a framework for understanding the effects of transi-
tion and longer-term nutrition on reproduction is provided in Fig. 1.
This article takes a slightly different approach to providing suggestions regarding di-

etary requirements for the transition. In particular, the different sources of nonstruc-
tural carbohydrates are examined separately and fats are not treated generically.
There is an increasing body of evidence that these are biologically active substances
with marked differences in action. This article addresses aspects of lipid mobilization
disorders and ruminal disruption. The focus is on meeting energy and protein needs
while maintaining stable rumen function.

WHAT IS THE NATURE OF METABOLIC CHANGE AROUND CALVING?

Changes in hormone metabolism before calving have been well described.4,9 Bauman
and Currie4 noted the following adaptive changes to lactation: increased lipolysis,
decreased lipogenesis, increased gluconeogenesis, increased glycogenolysis,
increased use of lipids and decreased glucose use as an energy source, increased
mobilization of protein reserves, increased absorption of minerals and mobilization
of mineral reserves, increased food consumption, and increased absorptive capacity
for nutrients. Examining the homeorhetic and homeostatic responses to lactation as-
sists understanding of the factors influencing the risk of disease. These responses can
be exaggerated or perturbed by release of inflammatory mediators from lipid mobili-
zation, environmental stressors, or subclinical disease conditions increasing postpar-
turient disease risks.10–14

In brief, the following hormones influence the initiation of lactation and are asso-
ciated with profound changes in metabolism. The precipitous decrease in plasma

Table 1
Defining the 4 freedoms

Condition Detail

Macromineral deficiency Mainly refers to calcium, magnesium, and phosphorus. Milk
fever and grass tetany (hypomagnesemia) can result from a
conditioned deficiency whereby excess potassium reduces
the capacity of the cow to maintain stable blood
concentrations of calcium and magnesium

Lipid mobilization disorders Includes ketosis, fatty liver, and pregnancy toxemia; diseases
that are largely influenced by a failure to provide sufficient
or effective energy sources around calving

Immune suppression Often associated with lack of energy or protein intake;
micronutrients are often involved including copper,
selenium, zinc, and vitamins A, E, and D

Ruminal disruption Cows are vulnerable to changes in diet resulting from lower
feed intake, poor quality silages, and rapid introduction of
concentrates after calving

Definition: Negative energy balance refers to deficits in energy requirements that are esti-
mated. A negative nutrient balance refers to the loss of body tissue consisting of fat, glycogen,
protein, minerals, and vitamins that occurs around calving.
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progesterone levels that occurs at parturition is a key stimulus for lactogenesis. Estro-
gen levels increase rapidly in the last week of gestation and may play an important role
in the initiation of lactation. Prolactin is important to the development of the mammary
gland before lactation in cows. However, in dairy cattle, prolactin does not seem to
play an important role in the maintenance of lactation. Glucocorticoids are important
in the initiation and maintenance of lactation. Plasma cortisol levels increase in the im-
mediate periparturient period and are associated with a transient hyperglycemia at
calving.

Establishing a ‘causal web’ of understanding
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Fig. 1. A causal web to develop a model of metabolic subfertility in dairy cattle. The web
shows a hierarchy of inputs and factors influencing subfertility. Nutrition before the dry
period or initial calving and transition nutrition determine the nutrient stores available
from body tissue reserves and those from lactation nutrition influence the nutrients avail-
able at any given time. These inputs, genetics, age, and environment determine reproduc-
tive responses. (From Lean IJ, Rabiee A. Quantitative metabolic and epidemiologic
approaches to fertility of the dairy cow. In: Proceedings of the Dairy Cattle Reproduction
Council. Denver (CO): 2007. p. 115–32.)

Table 2
Achievable targets for cow health problems (expressed as the percentage of cases of calving
cows within 14 days of calving)

Disease Target (%) Alarm Level (%)

Milk fever 1 (2 in old cows >8 y) >3

Clinical ketosis <1 >2

Subclinical ketosis >1 mmol/L
(enzymatic assay week 1 after calving)

<10 >10

Retained placenta >6 h <5 >7

Lameness >2 Specher et al locomotion
score (1–5)

<4 when score >2 >4 when score >2

Clinical mastitis <5 cases/100 cows in first 30 d >5

Hypomagnesemia 0 Any

Calvings requiring assistance <2 >3

Displaced abomasums (%) <1 >2

Clinical acidosis (%) <1 >1
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Insulin and glucagon play a central role in the homeostatic control of glucose. There
is evidence, however, of insensitivity of cows to insulin in early lactation. The transitory
hyperglycemia that occurs at calving does not seem to stimulate insulin. The insulin
responses in hypoglycemic and ketonemic cows were less for glucose infusions
and feeding than in normal cows, suggesting marked insulin resistance. Metz and
van den Bergh15 found that the response of adipose tissue to insulin in the peripartur-
ient cow was altered, because insulin addition did not reduce rates of lipolysis in vitro.
Lipogenic activities of adipocytes are reduced by about one-third after calving.
Glucagon plays a gluconeogenic role in the bovine, but may not stimulate lipolysis
to the same extent as in nonruminant species. Thyroid hormone has a lactogenic func-
tion either when supplied orally or when injected and has been used in experimental
protocols to induce ketosis.16 However, thyroxine levels either decrease or are un-
changed after calving.
Somatotropin plays a key lactogenic role in cattle as shown by milk production

responses to exogenous somatotropin (rBST) and positive relationships between pro-
duction and somatotropin levels in comparisons of high-yielding and low-yielding cat-
tle. Somatotropin is possibly the most important hormonal determinant of increased
milk yield in cattle. There is evidence that treatment with rBST may improve the health
of periparturient cows, indicating the potential for somatotropin to positively integrate
metabolism (see later discussion).

Fetal Demand for Nutrients

Bell9 reviewed studies examining the nutrient demands of the fetus in late gestation.
The fetal requirements for energy, althoughmodest, are demanding in that the require-
ment for glucose is 4 times greater than that for acetate.
This demand highlights problems with the low energy density/low energy intake of

dry cow diets recommended in the past. The fetus may even have an a priori demand
for glucose as plasma glucose concentrations decreased in cows treated with sodium
monensin before calving, despite the glucogenic action of monensin.17

The fetus also has significant requirements for amino acids, which are used for tis-
sue deposition and oxidation. The fetal requirement for amino acids seems to be 3
times greater than the net requirement for fetal growth9 because of significant oxida-
tion of amino acids in the fetus.
In summary, fetal demands increasemarkedly in the last 4 weeks of gestation. There

is an increased demand for glucose, an approximately 3-fold increase in demand for
glucose immediately after calving, a doubling of the amino acid requirement, a 5-fold
increase in fatty acid requirements, and a doubling of calcium needs in lactation
compared with the needs of the cow and fetus.

CHALLENGES TO SUCCESSFUL ADAPTATION
Reduced Dry Matter Intake

Periparturient disease conditions are associated with decreased DMI, and feed intake
is a critical determinant of health and productivity in the dry period. Feed intake and
nutrient density of the diet determine the availability of nutrients to the cow and rapidly
developing fetus. Grant and Albright18 reviewed the feeding behavior and manage-
ment factors during the transition period for dairy cattle and found that feed intake
decreased by about 30% during the week before calving.
Factors that influence feed intake include social dominance, digestibility of the

diet, access to feed, and palatability of the feed.18 Cows and sheep with higher
body condition scores have lower DMI after parturition,19,20 and lower DMI has
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been noted immediately after calving and before calving21 for cows with clinical
ketosis.
Stephenson and colleagues17 found that plasma 3-hydroxybutyrate (BHB) concen-

trations increased from 35 days before calving, in association with increased plasma
free fatty acid concentrations (NEFA). Similar increases have been observed in other
studies. It is unclear whether BHB and nonesterified fatty acid (NEFA) levels increase
as a result of lower DMI, changes in the nutrient density of the diet, or increased fetal
demand.
Providing access to feed for more than 8 hours per day and maintaining adequate

availability and nutrient density of feed, controlling dominance behavior by grouping
and providing adequate feed access and controlling body condition to an ideal of
approximately 3.5 on the 5 point scale22 reduce the risk of inadequate nutrient intake.
In particular, the use of more digestible forages with lower slowly digestible fiber con-
tent allows greater DMI. Considerations around grouping of cattle need to be
tempered with an understanding that movement of cattle between groups results in
activity to establish new social hierarchies.23–25

The effect of greater DMI was demonstrated by force feeding periparturient cows
through a ruminal fistula.26 Cows that received more feed had less hepatic lipid accu-
mulation and higher milk production after calving. The higher milk production resulted
from greater postpartum feed intake and a highly significant positive correlation be-
tween precalving and postcalving feed intake was identified.26 DMI before calving
seems to be an important determinant of production after calving.

Impact of Lipid Mobilization on Liver Function

Reynolds and colleagues27 measured glucose flux across portal-drained viscera over
the transition period, finding minimal net change but a 267% increase in total
splanchnic tissue output of glucose. This dramatic increase was almost exclusively
a result of increased hepatic gluconeogenesis. Increased hepatic protein synthesis9

and greater oxygen consumption27 during transition are consistent with increased he-
patic gluconeogenesis. The liver seems to be able to better synthesize glucose from
propionate at 21 days postpartum comparedwith 1 day postpartum or 21 days prepar-
tum.28 The volatile fatty acid (VFA), propionate, is the primary source (50%–60%), of
glucose but other substrates must be used to maintain glucose production, including
lactate (15%–20%) from placental metabolism and skeletal muscle glycolysis, amino
acids (20%–30%) from skeletal muscle catabolism and dietary absorption, and glyc-
erol (2%–4%) released from adipose tissue lipolysis.27,29

Overton30 examined the effects of lipid mobilization on liver function. Increased tis-
sue mobilization increases the flux of NEFAs to the liver for oxidation and increases the
need to export some of these back to peripheral tissues as ketones. The liver may not
be able to reexport sufficient of these and accumulates fat in hepatocytes. The impli-
cations of this accumulation are that the rates of both gluconeogenesis and ureagen-
esis may be impaired.31 Strang and colleagues31 found that hepatic ureagenesis was
reduced 40% through exposure of liver cells to NEFAs, which resulted in increased
triglyceride accumulation similar to that of cows after calving. Triglyceride accumula-
tion in the liver around the time of calving has been recognized for many years.7,32

Excessive lipolysis results in a greatly increased blood NEFA concentration and
greater hepatic triglyceride accumulation and is associated with a higher risk of 1 or
more periparturient diseases.7,33–36 Any factor resulting in greater energy demand
(eg, twin pregnancy, cold stress), lower energy intake (eg, poor feed quality, reduced
feed availability, heat stress) or both decreases energy balance and ultimately blood
NEFA concentration.7
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In summary, maternal tissues reduce their use of glucose to meet energy needs over
the transition, and increase hepatic gluconeogenesis to provide sufficient endogenous
glucogenic substrate to account for lower nutrient intake. Failure to adapt to the de-
mand for glucose increases mobilization of lipids and lipid-related disorders, such
as hepatic lipidosis, ketosis, and pregnancy toxemia, the most severe of these.

ENERGY AND PROTEIN METABOLISM: OPPORTUNITIES AND LIMITATIONS TO
IMPROVING PERFORMANCE

The demands for amino acids and glucose by the fetoplacental unit, and amino acids,
glucose, and fatty acids by the mammary gland, particularly during stage 2 lactogen-
esis,9,37 combine with a lowered potential DMI immediately before calving38 to place
the cow at great risk of mobilizing significant amounts of body fat and protein.

Energy Reserves: Body Condition

The body condition score (BCS) is a major determinant of the calving to first estrus in-
terval; cows in higher body condition display estrus earlier.19 Improved prepartum
nutrition to increase BCS to moderate or better at calving was generally associated
with increased milk production in dairy cows.39–41 Excessive BCS (>3.75, scale of 1
to 5) in late pregnancy induces lower DMI during late pregnancy and early lactation
resulting in greater negative energy balance in early lactation, as shown by excessive
reduction in BCS (>1).42 Westwood and colleagues43 identified several factors that
significantly influenced the display of estrus at first and second ovulation. Higher
body weight of cattle before calving and postcalving appetite were significant factors
that increased estrus display. Measures of metabolites in blood that reflected a better
energy balance, including cholesterol concentrations and the ratio of glucose to
3-hydroxybutyrate, were also associated with greater display of estrus at ovulation.
In summary, improved BCS to approximately 3.75/5 is associated with better

fertility, but greater increases are probably detrimental. The relationship between
BCS and fertility may be better understood once the tissue components (fat, protein,
glycogen) included in the BCS can be evaluated.

Energy Intake: Carbohydrates

The estimated energy balance after calving improves with increased energy density of
the prepartum ration.44–46 These improvements have been associated with trends
toward increased milk production, lowered milk fat percentage, and significant in-
creases in protein percentage and yield.45 The effect of increased energy density of
the prepartum diet, in particular increased fermentable carbohydrate concentration,
may in part be mediated through increased development of rumen papillae in
response to increased VFA production.47 The increased absorptive capacity of the
rumen may have reduced the risk of VFA accumulation and depression of rumen
pH and the subsequent risk of acidosis in response to the feeding of high concentrate
diets postpartum. Because adaptation and development of rumen papillae takes
between 3 and 6 weeks,48,49 the benefit of increasing exposure to a prepartum diet
high in fermentable carbohydrate is likely to be curvilinear. There are also likely to
be benefits associated with the prepartum adaptation of the rumen microflora to post-
partum diets high in concentrates.2 However, there is a challenge in controlling the
risks of metabolic disease, particularly lipid mobilization disorders should cows
become overconditioned. Overconditioning, however, is more a function of lactation
diets than those in the dry period.
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Acidosis

Part of the challenge is to provide diets appropriate to preparing the rumen for feeds of
greater energy density, but controlling weight, particularly lipid, gain. Adaptation to
feeds of higher energy density is important; in almost all production systems, there
is a marked increase in exposure to starches and sugars at the time of calving. These
increase the risk of acidosis, a relatively poorly understood condition. There are signif-
icant recent reviews and articles that advance our understanding of acidosis and the
definition of acidosis. Although measures of rumen pH are often used for diagnosis,
inconsistencies in cut-off thresholds that define acidosis severity have created confu-
sion in the definition of acidosis.50–52 Studies and definitions of acidosis based on area
under the curve estimates of pH are likely sound; these have largely been conducted
on limited numbers of fistulated cattle, therefore production outcomes such as milk
production, weight gain for beef cattle, or lameness have not been associated with
the cut-off points. There is a lack of studies that relate ruminal conditions to outcomes
of acidosis or risk factors for acidosis, apart from diets deliberately designed to chal-
lenge rumen function; however, a few studies have provided a more detailed exami-
nation of acidosis based on large numbers of cattle. Bramley and colleagues,53

Morgante and colleagues,54 and O’Grady and colleagues55 sampled 800, 120, and
144 head of dairy cattle, respectively, and investigated associations between diets
and outcomes. All 3 studies provided similar findings of associations between low
ruminal pH and a ruminal environment in which the levels of total VFA were increased,
but propionate and valerate were particularly increased. Bramley and colleagues53

found that approximately 10% of cows were in the group characterized by high
ruminal concentrations of propionate, acetate, butyrate, valerate, and lactic acid,
and low ammonia and pH, compared with other groups of cows. The least predictive
variables for this group were pH and lactic acid concentrations and the most predic-
tive were propionate and valerate concentrations. These cows had lower milk fat per-
centages and herds with a high prevalence of acidotic cows had a higher prevalence
of lameness and diets lower in neutral detergent fiber and higher in nonfiber carbohy-
drates, suggesting that the categorization of these cows was sound.
It is unsurprising that pH was a poor predictive variable for acidosis in the field; the

rumen is not homogeneous. Samples obtained by stomach tube, probably from the
dorsal sac of the rumen, differ from those obtained using rumenocentesis by approx-
imately 0.5 pH and are poorly related with r2 of 0.2.53 Golder and colleagues56 exam-
ined the cut-off points for optimal sensitivity and specificity of use of rumen pH
obtained using stomach tube or rumenocentesis in predicting acidosis. The optimal
cut-off points for prediction of acidosis were less than 6.6 and less than 6.0 for stom-
ach tube and rumenocentesis pH, respectively; however, neither provided a satis-
factory test for acidosis, which was defined using the method of Bramley and
colleagues.53 The stomach tube pH had a sensitivity of 0.80 and a specificity of
0.76 and rumenocentesis pH had a sensitivity of 0.74 and a specificity of 0.79. It is
likely, however, that testing groups of cows for pH less than 5.5, as advocated by Gar-
rett and colleagues,57 provides a satisfactory indicator of acidosis at the herd level.
The authors hypothesize that acidosis occurs along a continuum of ruminal condi-

tions from subacute to peracute with different expressions of risk of acidosis reflecting
the substrates available to the rumen. Similarly, it can be hypothesized that the risk of
acidosis will vary depending on the length of exposure to rapidly fermentable diets,
preformed acids in silage, and the type of fermentable substrate.
There are marked substrate differences in the risk of lactic acid generation and VFA

production.51,56 Simply, VFA and lactic acid formation is much more influenced by
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rapidly fermented substrates such as sugars rather than starches. Therefore, inclusion
rates for starch and sugars should be considered separately; however, the recommen-
dations in Table 3 are preliminary.

Protein Reserves: Body Condition

The importance of mobilized tissue protein as a source of amino acids for mammary
metabolism and gluconeogenesis may be relatively small over the period from calving
to peak lactation,58 but is important in the first 1 to 2 weeks of lactation.9 A reduction in
skeletal muscle fiber diameter of 25%was observed immediately after calving59 and a
decline in the ratio of muscle protein to DNA was found in ewes during early lacta-
tion.60 These findings support the concept that skeletal muscle is an important source
of endogenous amino acids in early lactation. This hypothesis that improved protein
and energy balance improves subsequent production is supported to some extent
by the trend toward proportionally higher milk and protein yields in response to
increasing days of exposure to a BioChlor-based (Church and Dwight, NJ) prepartum
transition diet in younger cows, which are likely to have a greater energy and protein
requirement to support growth (DeGaris, personal communication, 2010).

Table 3
Targets for diets: far off, transition, and fresh cows (first 40 days)

Diet Composition (% Dry Matter) Dry Cows Transition Cows Fresh Cows

DMIa 1.75–2 2%–2.5% 3 to 41

Neutral detergent fiber (NDF) (%) >36 >36 >32

Physically effective NDF (%) 30 25–30 >19

Crude protein (CP) (%) >12 14–16 16–19

Degradability of CP (%) 80 65–70 65–70

Estimated energy MCal (Nel)/kg
MJ (ME)/kg

1.5 (1.33)a

10 (9)a
1.65
11

1.73–1.8
11.5–12

Estimated Nel (MCal/lb) 0.66 (0.60) 0.73 0.76–0.79

Starch (%) Up to 18 16–20 24–26

Sugar (%) Up to 4 4–6 6–8

Ether extract (%) 3 4–5 4–5

Calcium (%) 0.4 0.4–0.5 0.8–1.0

Phosphorus (%) 0.25 0.25 0.4

Magnesium (%) 0.3 0.45 0.3

DCAD (mEq/100 g) 0–25 �10 25–40

Selenium (mg/kg) 3 3 3

Copper (mg/kg) 10 15 20

Zinc (mg/kg) 40 48 48

Manganese (mg/kg) 12 15 15

Iodine (mg/kg) 0.6 0.6 0.6

Vitamin A (IU/kg) 2000 3200 3200

Vitamin D (IU/kg) 1000 2500 2500

Vitamin E (IU/kg) 15 30 15

Abbreviations: DCAD, dietary cation-anion difference; ME, metabolizable energy; Nel, net energy
at lactation.

a Energy intake and content that is desirable varies with body condition.
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Estimates of body protein reserves mobilized at calving are 25% to 27% of total
body protein in a dairy cow, approximately 10 to 17 kg total.61–63 Belyea and col-
leagues61 noted that there was a significant variation in the abilities of cows to mobilize
protein. Bell9 estimated that a metabolizable protein (MP) deficit over 23 days after
calving would be nearly 7 kg without accounting for gluconeogenic costs, and
12.5 kg with gluconeogenic costs included. These values seem consistent with previ-
ous studies. If 10 kg of protein was lost from muscle, this would equate to a loss of
around 60 kg of muscle mass.
The proteins and ultimately amino acids mobilized are used for mammary milk pro-

tein synthesis and for gluconeogenesis in the liver to support lactation. It seems that
the rates of mobilization of fat and protein are similar,64,65 but there has been little
recent work on the amounts of labile fat and protein in body tissue despite this being
an important area of physiology. Given the amounts of body weight lost after calving,
especially in cows of high body condition, we can be confident that the lipid reserves
of these cows exceed the protein reserves. Vandehaar and St Pierre66 highlighted the
partitioning of energy to body weight observed by Oba and Allen67 when lower neutral
detergent fiber (NDF) diets were fed. It can be hypothesized that cattle exposed to
such diets and achieving higher BCS will have greater start-up milk, but the internal
flux of nutrients provided from tissue mobilization has a higher ratio, and almost
certainly greater amounts of lipid compared with protein.
In summary, it is likely that the amount of labile protein is an important determinant

of health. We can use a working assumption that diets that do not meet the MP needs
of cattle and exceed energy needs in a previous lactation may place cows at greater
risk of metabolic disorder.

Protein Intake Before Calving

Studies investigating optimal concentrations of dietary protein in prepartum diets have
focused on crude protein (CP) content,68–71 rumen degradable or rumen undegrad-
able fractions in the diet,69–72 but have not considered in depth the potential for
ruminal microbial protein synthesis or MP balance. It has been suggested that by
increasing prepartum protein body tissue reserves, the transition cow can better
use these reserves after calving to support lactation and minimize metabolic disor-
ders,7,73 an effect possibly mediated through increased labile protein reserves. To
examine the data in a systematic way, the authors conducted a meta-analysis of
studies that have altered the protein content of feeds before calving. Briefly, a litera-
ture search of databases was conducted and the diets from 11 studies containing
26 comparisons were extracted. The following information was extracted: authors,
year of publication, journal, study design, control and test protein levels, days before
calving that the trial started and days in milk at trial end, rumen undegradable percent-
ages, breed, number of milkings per day, feeding type, housing, parity, number
of cows in control and treatment groups, DMI, milk yield (kg/cow/d), milk fat yield
(kg/cow/d), milk fat percentage, milk protein yield (kg/cow/d), milk protein percentage,
fat corrected milk and level corrected for energy corrected milk, average body weight,
and measures of variance (standard error).
Fig. 2 displays a Forest plot of milk production results. In this plot, studies are iden-

tified and the size of the box is proportional to the weighting of the study within the
meta-analysis. The extremities of the horizontal lines represent the 95% confidence
intervals of the results for each comparison and diamonds represent the overall esti-
mates using a fixed effect model using the inverse variance method (I-V Overall), and a
random effects model using the inverse variance method of DerSimonan and Laird
(D 1 L Overall). The results were homogeneous but were not significant, indicating
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that milk production was not increased with increased CP in the precalving diet.
Further work is needed to evaluate these responses in terms of MP. A preliminary
meta-analysis8 found no relationship between MP yield and subsequent milk produc-
tion, however the current database is larger and this matter will be revisited. A key
consideration is that simply increasing CPmay not increaseMP and increasing the fer-
mentability of the diet with starch may yield more MP than perhaps that achieved by
increasing CP or even undegradable protein.
Nonetheless, prepartum diets with positive MP and energy balances may increase

subsequent milk production by providing adequate substrate for fetal and mammary
development. McNeil and colleagues74 fed ewes in late gestation diets to meet esti-
mated energy requirements and variable CP content (8%, 12%, and 15% CP).
Ewes fed the low CP diet had fetuses nearly 20% less in weight compared with
ewes fed the higher CP diet. Fetal weights were not different between the 12% and
15% CP diets, yet the ewes receiving the 12% CP diet lost maternal skeletal protein
similar to the ewes fed the 8% CP diet. These data suggest some capacity exists for
the placenta to sustain amino acid delivery to the fetus, but it is not unlimited in the
face of more severe or sustained dietary protein insufficiency. Mammary development
was greater in ewes on the higher CP diets. Similarly, increased BCS at calving,
reflecting improved body tissue reserves, increased subsequent milk production.19,75

Data on the effect of prepartum protein on subsequent reproduction and health is
scant. Overconditioned (>3.75 BCS) mature Holstein cows fed additional protein pre-
partum from animal protein bypass sources had decreased prevalence of ketosis and
less health disorders.76 These supplemented cows also had improved reproductive
performance, similar to the effects seen in primiparous cows supplemented with addi-
tional bypass protein.77 Better health was also observed in cows fed additional bypass
protein or supplementation with rumen-protected methionine and lysine supplements
prepartum until early lactation.78 Increasing time exposure to a prepartum transition
diet was found to improve the reproductive performance and health of cows in a graz-
ing system.79 Improved reproduction may result directly from protein status effects on
oocyte development or quality, or may be secondary to decreased postpartum dis-
ease events or improved body condition and protein reserve status.
Mature cows fed a higher protein diet (14%CP) prepartumwith supplemental methi-

onine lost less body protein and had increased body fat in early lactation compared
with cows consuming a diet with lower protein (11%CP).80 Insulin is the primary medi-
ator of nutrient use and its status and tissue sensitivity have been implicated in both
disease risk and impaired reproduction. The revised quantitative insulin sensitivity
check index (RQUICKI) calculation is a function of insulin, glucose, and NEFA concen-
trations and is inversely related to BCS.81 Feeding additional bypass protein to dry
mature cows increased RQUICKI values relative to BCS or score change82 and values
increased for mature cows fed balanced protein fractions in the diet compared with
cows consuming a diet high in degradable protein.83 Not all studies supplementing
protein in prepartum diets have observed effects on health or reproduction; differences
in dietary treatments, exposure time, protein source and amino acid balance, manage-
ment factors, and many other interactions may have influences on this outcome.
Despite many anecdotal observations of increased calf birth weight and dystocia

problems with increasing prepartum protein supplementation, controlled studies do
not support a cause-and-effect response.84 No differences in calf birth weights were
seen when dairy heifers were fed protein in excess of prepartum NRC (National
Research Council) recommendations.77 Feeding additional protein (12% vs 14% CP)
during the dry period did not increase calf birth weight (44.5 vs 42.2 kg) in mature
Holstein cows.76 However, heavier birth weights (47.1 kg) were observed in another
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group of mature Holstein cows with prolonged dry periods (>75 days) fed a low protein
(9%CP) diet initially followed by a high protein (15%CP) diet during the last 4 weeks of
gestation.76 Sheep studies suggest thatmid-gestation nutrition has greater potential to
alter calf birth weight.85

Few studies have found prepartum dietary effects on colostrum quality. Greater
immunoglobulin concentration in colostrum was observed in cows fed moderate
(12% CP) or higher (14% CP) protein diets that contained animal product bypass pro-
tein sources compared with cows consuming a prepartum diet without supplemental
bypass sources.76 These immunoglobulin concentration differences in colostrum
were the opposite of immunoglobulin concentrations measured in maternal serum
over the last 4 weeks before calving. These observations might suggest an amino
acid role in the transfer of immunoglobulins from maternal serum to colostrum.
In summary, excellent physiologic data suggest a need for diets that contain good

levels of MP. The authors formulate diets that meet or exceed the MP requirements of
CPM Dairy (Version 3.09). These diets require 14% to 16% CP and adequate starch
and sugar as defined later (see Table 3).

Amino Acids

The balance and ratios of specific absorbed amino acids are of importance to produc-
tion.86,87 Methionine and lysine are often considered the first rate-limiting amino acids
in support of lactation across a range of diets for dairy cows.88 It is often assumed that
methionine and lysine are also limiting amino acids for pregnancy, although no studies
have validated this hypothesis. Methionine was added for the last 2 weeks of preg-
nancy for cows on high protein diets with bypass protein (39.6%CP) from animal sour-
ces and improved methionine availability to peripheral tissues was observed.89 The
investigators suggested that high bypass protein diets fed prepartum may restrict
the contribution of microbial protein to MP. Histidine has been identified as a limiting
amino acid, especially when most of the MP is derived from microbial protein.90

Typical formulations for prepartum diets coupled with declining intake would result
in microbial protein supplying more than 60% of MP delivered to the intestine.

Fig. 2. Forrest plot of the standardized mean difference of the effect of prepartum CP levels
on postpartum milk production. Box size is proportional to the inverse variance of the esti-
mates. The orange dot is the standardized mean difference or effect size of the trial. The hor-
izontal lines represent the 95% confidence interval for the effect size. The solid vertical gray
line represents a mean difference of zero or no effect. The diamonds represent the summary
estimates using the fixed effect model (I-V overall) and the random effects model (D1L over-
all). The estimated predictive interval is of a future trial using the estimate of heterogeneity
from the inverse variance effects. The figure shows that there was a positive but nonsignifi-
cant effect of changes in CP percentage in the diet fed before calving on postcalvingmilk pro-
duction. Author refers to the first author and year of the publication. CP-c and CP-t refer to
the CP content of rations in the control and treatment groups. DIM refers to days inmilk. SMD
is the standardized mean difference (standardized using the z-statistic). Thus, points to the
left of the line represent a reduction in the parameter, whereas points to the right of the
line indicate an increase. Each square represents the mean effect size for that study. The up-
per and lower limit of the line connected to the square represents the upper and lower 95%
confidence interval for the effect size. The size of the square reflects the relativeweighting of
the study to the overall effect size estimate with larger squares representing greater weight.
The dotted vertical line represents the overall effect size estimate. The diamond at the bot-
tom represents the 95% confidence interval for the overall estimate. The solid vertical line
represents a mean difference of zero or no effect.
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The role of amino acid balance in peripartum diets has been studied intensively, al-
though most emphasis has been placed on postpartum dietary effects relative to milk
yield and component responses. Responses to rumen-protected methionine, lysine,
or both in postpartumdiets havebeen variable.91Modestmilk yield and true protein yield
responses aremore often associated with methionine supplementation and in diets that
may be marginal in meeting MP requirements.92,93 The methionine response may be a
result of its ability to support gluconeogenesis and liver fat transport compared with
lysine. Variability in study findings may be attributed to confounding effects of dietary
energy density (ie, microbial protein contribution), prepartum and postpartum protein
content, DMI, and their interactions relative to potential response to amino acid supple-
mentation. Study design can influence interpretation; the results of short-term Latin
Square studies may be influenced by the cow’s ability to mobilize body protein to
mask treatment effects. Longer-term supplementation trials may minimize this impact.
This effect is further complicated by prepartum dietary protein content and its effect
on labile protein availability after calving. Higher prepartum protein diets lessened the
impact of dietary proteinmanipulations after calving,94whereas lower prepartumprotein
diets accentuated theaminoacid response.72 In formulatingpostpartumdiets, emphasis
should be placed on providing sufficient MP with a balanced amino acid profile.
In summary, cows require amino acids. The balance needed is determined by their

physiologic state. There is evidence for balancing diets for amino acids in support of
early lactation, but less evidence for diets before calving. We recommend that prepar-
tum diets should be formulated to meet or exceed MP requirements (CPM Version
3.09). The use of supplemental amino acids requires further study.

An alternative prepartum nutritional strategy

Although study results from Bertrics and colleagues26 suggested that greater feed intake could
reduce NEFAmobilization and decrease the risk for hepatic fatty infiltration, other studies indi-
cated moderate feed intake could also show similar positive postpartum responses.44,95–97

Cows moderately restricted in feed intake (80% of energy requirement) had lower NEFA con-
centrations precalving, less hepatic fat content, and greater postpartum intake. Ensuing
studies suggested that energy consumption in the early dry period (>30 days before expected
calving) also had significant effects on postpartum health and lactational performance.96,98–101

Excessive energy intake may predispose the cow to greater maternal tissue insulin insensitivity
coupled with the decline in physiologic insulin concentration that occurs just before calving,
thus permitting more exaggerated NEFA mobilization and subsequent metabolic derange-
ments. From these observations, a feeding management approach controlling total energy
consumed and moderately restricting intake throughout the prepartum period has been
advocated.102

The aim of these diets is to provide sufficient energy to meet daily needs and not supply exces-
sive energy intake relative to NRC (2001) requirements.88 Cereal straw forage or mature grass
hay is used to dilute dietary energy provided from other more energy dense ingredients. These
diets are typically corn silage based. Use of lactation-diet feed ingredients can be achieved by
the dilution, allowing for easy adaptation to postpartum diets. Wheat straw is preferred
because of its consistency and better NDF digestibility compared with other straw products.
The bulking ingredient is used to allow for ad libitum intake rather than management
attempting restricted intake. To be successful, the bulking ingredient should be properly incor-
porated into the diet and not fed separately. To ensure intake and to minimize sorting, the hay
or straw should be chopped to achieve a consistent particle size of 4 to 6 cm (1.5–2 in). The
straw or hay should be of high quality and palatable. An important aspect of the success of
a controlled energy diet is ensuring adequate protein intake. Drackley and Janovick102 recom-
mend supplying more than 1000 g ofMP, which can be achieved in diets formulated for 12% to
14% CP. To achieve postruminal delivery of this amount of MP, some bypass product sources of
bypass protein will need to be included in the diet.
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Intake of Fats

Perhaps the most rapidly developing area of ruminant nutrition is that of fat nutrition.
Recent understandings of the role of fats in metabolism open new avenues to
improving metabolism, health, and reproduction in cattle. Studies have identified sub-
stantial potential for milk fats, including the conjugated linoleic acids (CLA), to posi-
tively influence human health105 and along with this, increased understanding of the
mechanisms by which different specific fatty acids in milk are generated. Critically,
there is an increased awareness of the potential for specific dietary fats to improve
health production and fertility. Vast differences (up to 15 standard deviations) in milk
production and composition responses to different commonly used fats are
observed.106

Lean and Rabiee107 noted that there is a striking difference in the ration of lipid
intake to milk yield for North American cows compared with Australasian cows; it
can be estimated that lipid intake for North American cattle is about 15.5 g/L versus
20 to 22 g/L for the Australasian cows. Furthermore, for essential fatty acid (C18:2
and C18:3) intake at the duodenum, ratios are 0.7 g/L versus 1.4 to 1.6 g/L, respec-
tively, or approximately half. These findings suggest support for the numerous pivotal
roles identified for lipids in reproductive metabolism.108,109

Linoleic (C18:2) and linolenic fatty acids (C18:3) are classified as essential fatty
acids and must be supplied in the diet, because the double bonds between the
D-9-carbon and the terminal methyl group of the fatty acids cannot be produced
by cattle. Roles for fatty acids include precursors for reproductive hormones (eg,
prostaglandins), in membrane structures as phospholipids, and in immune function.
The optimal requirement for 15% to 25% of energy being supplied as lipogenic pre-
cursors (or about 8% long-chain fatty acids in the diet) for efficient milk production
was described.110

Although feeding fats during the prepartum and immediate postpartum period has
not traditionally been recommended111 because of the potential to reduce DMI, partic-
ularly in heifers,42 there are now many studies in which beneficial effects have been

Use of controlled energy diets should be perceived as a complete dry cow program.102 The use
of straw typically controls dietary potassium concentration, thus reducing the risk of disrup-
ted calcium homeostasis. Application of these diets in the field supports the contention that
these diets can be successfully fed as single dry cow group systems, thus reducing some pen
changes during transition. Research and field experience with these diets suggests reduced
postpartum disease problems and potentially improved reproductive performance.96,98,101,103

Similar health and production responses were seen in a series of studies using grass hay or
wheat straw feeding either ad libitum or restricted.104 Van Saun76 used similarly formulated
high fiber diets, but in a 2 group dry cow feeding program. Diets were formulated to provide
either 1100 or 1300 g of MP per day to multiparous cows. Although the study cows were
generally overconditioned (BCS >3.75/5), similar positive effects on health and reproduction
were observed.

In summary, a key factor with prepartum DMI is to optimize intake in an effort to minimize any
dramatic decline in intake just before calving. Significant intake declines stimulate greater
NEFA mobilization, which adversely affects critical metabolic adaptations to lactation.
Differing dry cow diet feeding strategies have been applied in the field with similar success,
suggesting that other factors beyond nutrient content need to be considered. Grouping stra-
tegies, pen movements, environmental stressors, and feeding management play significant
roles in the success or failure of any given dry cow feeding strategy.
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observed.112–115 These included a reduction in liver triglyceride accumulation112 and
levels of NEFA113 in the immediate postpartum period and improved pregnancy
rates.116 Inclusion of fat in the diet may increase serum cholesterol concentra-
tions,117,118 a factor associated with better fertility. Westwood and colleagues43 found
that higher concentrations of plasma cholesterol were associated with a shorter inter-
val from calving to conception, with greater probabilities of conception and successful
pregnancy by day 150 of lactation, a finding consistent with those of Kappel and col-
leagues119 and Ruegg and colleagues,120 who found associations between choles-
terol concentrations and fertility measures. Similarly, Moss121 found that low blood
cholesterol concentrations at mating were strongly associated with conception failure.
However, fat feeding has a variable impact on the reproductive performance of
lactating dairy cows with some positive122–126 and some negative reports.123,127,128

Reviews109,129 have indicated that the effect of supplemental C18:2 from oil seeds
and CaLCFA on fertility varied significantly, but suggest that supply of C18:2,
C18:3, eicosapentaenoic acid (C20:5), and docosahexaenoic acid (C22:6) in forms
that reach the lower gut, may have more profound effects on fertility.
Von Soosten and colleagues130 elegantly explored the effects of protected CLA

compared with a stearic acid–based fat supplement on tissue mobilization in a serial
slaughter study. Overall, a trend for decreased body mass mobilization suggested a
protective effect of CLA supplementation on the use of body reserves within 42
days in milk (DIM). Continuous CLA supplementation until 105 DIM increased body
protein accretion. These effects suggested a more efficient use of metabolizable en-
ergy in CLA-supplemented early lactation dairy cows; an effect of ruminally protected
fats not based solely on palm oil was identified independently in the meta-analysis of
Rabiee and colleagues.106

The fat and fertility data require more research studies and meta-analytical evalua-
tion that will include an evaluation of fat sources used and amounts and ratios of spe-
cific fats fed to elucidate the optimal approaches. However, de Veth and colleagues115

demonstrated marked improvements (median time to conception was decreased by
34 days to 117 vs 151 DIM) in the fertility of cattle fed a ruminally protected CLA
compared with cows not receiving the fat. Thatcher and colleagues109 also found pos-
itive effects of supplementation with ruminally protected CLA and palm fatty acids on
reproduction and health. Linolenic acid (C18:3) predominates in forage lipids,131 how-
ever, concentrations of linoleic acid (C18:2) are also high in some pastures. It is
possible that this and high digesta flow rates for cows on high-quality pasture diets
may, in part, explain some of the differences in reproductive performance achieved
in well-fed and well-managed pastured herds compared with NA (North American)
herds. Data from Kay and colleagues132 show that around 90% of cis-9, trans-11
CLA in milk is derived by endogenous synthesis of fats in fresh pasture. Studies in
Ireland133 found positive trends to a lower services per conception, but little overall ef-
fect of supplementation with protected CLA on fertility in cows on pasture, a finding
consistent with the suggestions of Lean and Rabiee107 that at least some of the differ-
ences in fertility of cows on pasture-based diets and those on total mixed ration diets
may reflect the CLA generated from pasture.
In summary, fat supplements can improve energy balance, reduce the risk of meta-

bolic diseases such as ketosis, and crucially allow energy density to be maintained in
diets without increased dependence on rapidly fermentable carbohydrates. Evidence
is increasing of a positive role for CLA, fed either as protected fats or derived from
pasture in retaining body tissue after calving and improving fertility. Feeding fats in
transition is an essential component of an integrated response to the challenges of
needing to control tissue mobilization.

Lean et al352



Author's personal copy

OTHER INTERVENTIONS
Somatotropin

Two actions of somatotropin increase the potential for rBST to improve periparturient
health. The diabetogenic action of somatotropin, which decreases the sensitivity of
peripheral tissues to insulin and increases blood glucose concentrations, increases
the potential for treatment precalving to reduce the risk of ketosis. Administration of
rBST to lactating cows is associated with insulin release134 and liver function is also
altered in cows treated with rBST resulting in increased gluconeogenesis.135 Putnam
and colleagues70 fed cows 2 rations that differed in CP concentration (13.3% vs
17.8%) and treated cows with rBST every 14 days from 28 days before anticipated
calving until parturition in a factorial study. Glucose concentrations tended to increase
(P 5 .08) and the point directions were toward a decrease in NEFA and BHB concen-
trations for the rBST-treated cows both before and after calving. The rBST treatment
significantly decreased concentrations of BHB before calving. Gulay and col-
leagues136,137 found similar increases in glucose concentrations but NEFA concentra-
tions were increased in cows treated with low doses of rBST before and after calving.
A second action is altered partitioning of nutrients in cows treated during a previous

lactation. Lean and colleagues138 treated 3 groups of cattle with different doses of
rBST (17.2, 51.6 and 86 mg/d, respectively) during a previous lactation and found
higher blood glucose, lower BHB, and lower NEFA concentrations in the treated cattle
after calving. There are limited data to support routine use of rBST precalving to pre-
vent lipid-related disorders but fundamental modes of action suggest a potential for
benefit. Changes in body composition from rBST treatment in a previous lactation
seem to be positive for health.

Methyl Donors

Hepatic fatty infiltration is an expected consequence of body lipid mobilization around
the time of calving.59,139 Excessive hepatic lipidosis results from an interaction be-
tween negative energy balance and acute phase inflammatory response, which re-
duces apoprotein synthesis, and is a significant precondition for many periparturient
disease entities.140 A limited supply of methionine and lysine may reduce production
of very low density lipoprotein (VLDL) and predispose to hepatic lipidosis.141,142

Choline and methionine metabolism are closely related and a significant percentage
of methionine is used for choline synthesis.143 Choline, a methyl donor and constituent
of phosphatidylcholine, facilitates hepatic lipid export by increasing VLDL formation.
Choline and methionine have interchangeable functions as methyl donors and may
partially replace or spare the other.144 Another methyl donor intermediate is betaine,
an oxidative product of choline; recent research has not shown a beneficial response
to its use in replacing methionine.145

Cows afflicted with either ketosis or hepatic lipidosis had lower serum apoproteins
associated with VLDL structures, suggesting an inability of the liver to export triglyc-
erides.146 Similar to niacin, choline is readily degraded in the rumen, therefore a
rumen-protected form is necessary for it to be efficacious when administered orally.147

Early studies feeding increasing amounts of rumen-protected choline (treatments
ranged from 0 to 20 g choline/d) showed a modest to no impact of choline on energy
balance and liver triglyceride measurements.148,149 In a controlled fatty liver induction
study, feeding 15 g of choline per day during the induction phase reduced blood NEFA
and liver triglyceride levels.150 Feeding 15 g choline per day after induction of fatty liver
tended to increase liver triglyceride clearance, which could contribute to improved
performance151 and health.152,153 Liver triglyceride levels were reduced and glycogen
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content increased when choline was fed at 25 and 50 g/d prepartum (21 days) and
postpartum (60 days), respectively.154 Other recent preliminary studies found no
response to choline supplementation, possibly attributed to lower BCSs and a lesser
risk for negative energy balance.155,156

There is growing evidence suggesting that choline is a limiting nutrient for the high-
producing dairy cow, especially around the time of calving.144,157 However, the time
frame of supplementation, dosage, BCS, dietary methionine status, and other factors
may influence the response observed. A pooled study of choline supplementation
before and after calving showed improved DMI and milk yield,157 whereas a pooled
analysis that included studies with only postpartum choline supplementation showed
minimal effects on intake, milk yield, and composition.158 There was no consistent
finding of choline response measures of energy balance or any mechanism to explain
the observed improvement in intake. If choline supplementation (15 g/d) starting pre-
partum can improve hepatic VLDL export and reduce fat accumulation, then improve-
ment in hepatic function should reduce disease risk and increase performance.

Rumen Modifiers

There are few data available that specifically address the use of rumenmodifiers, apart
from monensin, in the transition period. The ionophore, sodium monensin, is widely
used in dairy cattle production in the United States, Canada, Australasia, South Amer-
ica, South Africa. The effects of sodium monensin are primarily to increase ruminal
propionate production, reflecting an increase in propionate-producing bacteria
compared with those producing formate, acetate, lactate, and butyrate. There is a
concomitant decrease in methane production from the rumen and a sparing effect
on ruminal protein digestion.159–162 The effects of monensin on blood metabolites,
production, reproduction, and health were examined in a series of meta-ana-
lyses.163–165 Data were obtained from up 59 articles and, in some cases, nearly
10,000 cows to provide more precise estimates of effect and to understand the sour-
ces of variance in the effects of this intervention. Monensin use in lactating dairy cattle
significantly reduced blood concentrations of BHB by 13%, acetoacetate by 14%, and
NEFA by 7%. Monensin increased blood glucose by 3% and urea by 6% but had no
significant effect on cholesterol, calcium, milk urea, or insulin.
Monensin use in lactating dairy cattle significantly decreased DMI by 0.3 kg but

increased milk yield by 0.7 kg and improved milk production efficiency by 2.5%. Mon-
ensin decreased milk fat percentage 0.13% but had no effect on milk fat yield; how-
ever, there was significant heterogeneity between studies for both of these
responses. The percentage of milk protein was decreased by 0.03% but protein yield
increased by 0.016 kg/d with treatment. Monensin increased the BCS by 0.03 and
improved body weight change similarly (0.06 kg/d). These findings indicate a benefit
of monensin for improvingmilk production efficiency while maintaining body condition.
The effect of monensin on the percentage of milk fat and yield was influenced by diet.
Over all the trials analyzed,163 monensin decreased the risk of ketosis (relative risk

[RR]50.75), displacedabomasums (RR50.75), andmastitis (RR50.91).No significant
effects of monensin were found for milk fever, lameness, dystocia, retained placenta,
or metritis. Monensin had no effect on first-service conception risk (RR 5 0.97) or
days to pregnancy (hazard ratio 5 0.93). However, the effect of monensin on dystocia,
retained placenta, and metritis was variable. The causes of the variation were explored
with meta-regression, indicating that longer periods of treatment with monensin before
calving increased the risk of dystocia. Similarly, longer days of treatment before calving
also increased the risk of retainedplacenta. Improvements in ketosis, displaced aboma-
sums, and mastitis were achieved with monensin.
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In summary, monensin use increased milk and milk protein production and the effi-
ciency of production and reduced the risk of ketosis. Exposure to prolonged treatment
in the dry period with monensin may increase the risk of dystocia and retained
placenta, but treatment periods of around 3 weeks reduce the risk of these disorders.
Monensin use reduces the risks of lipid mobilization disorders.

TOXINS
Endophyte Alkaloids and Other Mycotoxins

The effects of mycotoxins on cattle health in general have been documented and
reviewed166,167 but there are limited data on their effects specifically during the tran-
sition period when there is the potential for exacerbation of many of the challenges to
successful adaptation to lactation.168 The key effects of mycotoxins that may exacer-
bate the challenges faced during the transition period are altered rumen function,
reduction in DMI, immunosuppression, and hepatotoxicity.
The rumen microflora and fauna provide an important first line of defense against

some mycotoxins.169 Orachatoxin, deoxynivalenol (DON), and, to a lesser extent, afla-
toxin are metabolized to less toxic compounds in the rumen. Other mycotoxins seem
to be unaffected by the rumen environment; fumonsins pass through the rumen virtu-
ally unchanged.170 In contrast, zearalenone is metabolized to the more toxic a-zeara-
lenol in the rumen.169 Any alteration in rumen function is likely to increase the rate of
ruminal bypass and intestinal absorption of mycotoxins usually detoxified by the
rumen microbial flora and fauna.
Several mycotoxins have the ability to directly damage the rumen microbial mass.

Patullin has an antibiotic activity against gram-positive and gram-negative bacteria
as well as protozoa and has been shown to reduce cellulolysis of alfalfa hay, VFA pro-
duction, and microbial protein synthesis.171,172 The fusarium toxins, beauvericin and
enniatin, also have an antibiotic effect against gram-positive bacteria and Myco-
plasma spp.173

Ruminal acidosis may reduce the ability of the rumen to detoxify some mycotoxins.
Sheep fed grain-based diets are less able to detoxify orachatoxin than those fed hay-
based diets,174 and cattle with subacute ruminal acidosis may be less able to detoxify
DON.168

Any mycotoxicosis resulting in reduced rumen function or systemic disease will
likely reduce DMI. Feed refusal of moldy feeds because of taste aversion is likely
caused by contamination with microbial volatile organic compounds,168 consisting
of a wide range of volatile chemicals that are unpalatable to most species. The aerobic
deterioration of ensiled feeds poses a particular risk. Bolsen and colleagues175

demonstrated significant decreases in DMI as well as apparent digestibility of dry mat-
ter, organic matter, and NDF in cattle fed silage that consisted of 25% aerobically
surface-spoiled silage. In addition, the investigators noted that rumen fiber mats in
treated cattle were either partially or totally destroyed.
The immunosuppressive effects of many of the mycotoxins have long been recog-

nizedwith even subclinical doses impairing theactivity ofBandT lymphocytes, antibody
production, and macrophage and neutrophil function. Aflatoxins and trichothecenes
can inhibit chemotaxis and phagocytosis of bovine neutrophils and macrophages,176

and aflatoxins inhibit lymphoid cell proliferation and associated cytokines.167 There is
also evidence of synergistic inhibition of the immune system between aflatoxin and
T-2 toxin.177

Several mycotoxins have been shown to be hepatotoxic. Sporodesmin, produced
by Pithomyces chartarum growing in dead and decaying pastures during late summer
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and early autumn, causes facial eczema. This disease, mainly seen in the southern
hemisphere, is characterized by hepatic photosensitization, reduced milk production,
reproductive failure, and increased culling, particularly in cattle affected in the late dry
period or early lactation. A negative effect on milk yield has been demonstrated in cat-
tle treated with subclinical doses of sporodesmin.178

Perennial rye grasses may be high in the endophyte alkaloids ergovaline and lolit-
reme (and others). The presence of these alkaloids at increased levels may have
extensive effects on production, reproduction, and the health of dairy cattle.179

Although no studies have examined the effect of these alkaloids on cattle when fed
specifically during the peripartum period, there are many potential pathways whereby
a negative effect on subsequent productivity may be exerted. Random surveys of pas-
tures in southwest Victoria, Australia, found levels of alkaloids in excess of those
required to cause disease in cattle in approximately 30% of samples.180

In summary, despite the lack of specific data pertaining to the transition period,
many mycotoxins have the potential to increase the risk of a poor transition. The au-
thors, therefore, stress the need for careful attention to the state of silages used in the
transition and the avoidance of poor feed quality. Even brief periods of inappetance
pose a substantial health risk during transition.

RECOMMENDATIONS AND SUMMARY

Our recommendations for the diets are outlined in Table 3 and in the companion
article on minerals in this issue. Some of our recommendations will be refined by
more work, particularly with regard to the role of protein nutrition over the gestation
interval. There is a need to review the role of MP intake in the dry period on production,
fertility, and health. The recent work on fat nutrition is clearly showing that fats are both
powerful and different in their actions. The recommendations on these will be refined,
as will specific recommendation for fiber and intake of nonfiber carbohydrate
fractions.
In summary, dietary strategies should

� Ensure good protein stores (indicator BCS at calving >3.35/5)
� Avoid excessive adiposity (indicator BCS at calving <3.5) and
� Avoid abrupt dietary change to starch and sugars (starch 16%–20% before
calving, 24%–26% after calving; sugars 4% before calving and 8% after calving)

� Provide high-quality proteins before and after calving (ie, positive MP diets)
� Avoid feed sources with spoilage (eg, silages that can put cows off feed)
� Use fats in transition diets, particularly ruminally protected CLA, unless pasture
intakes are high

When combined with sensible mineral and dietary cation-anion difference strate-
gies, these recommendations should result in better outcomes for cows and farmers.
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