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Take Home Message
Nutrient requirements are human constructs.
Proving their existence has been so far elusive.

Various functional forms can be fitted to response-
type data.  Generally, many functions show similar
quality of fit to the data, yet have substantially
different implications.  This is an area where we need
some younger brains to be put to good use.

Whenever the response function of output to
nutritional input(s) is smooth (i.e., continuous first
derivative) and concave (i.e., declining returns to
scale) the level of input that maximize its efficiency is
always less than the level of input that maximizes
profits.  Consequently, efficiency maximization is
always accompanied by a reduction in the economic
efficiency (i.e., profits).

Whenever the penalty to achieve maximum efficiency
is relatively small, setting maximum efficiency as an
operational goal can be desirable.  With nutritional
inputs, however, it appears that maximum efficiency
is frequently accompanied with substantial economic
penalties.

1. Introduction
It used to be so simple: you had cows, you fed them,
they gave milk, you got paid and nobody cared about
manure.  These days are gone and likely will never
be seen again.  Nowadays much attention is being
dedicated to the impact that agriculture in general
and dairy production in particular have on the
environment.  In the process, many are attempting to
optimize the efficiency of dairy production.  More
specifically, the objective no longer is in optimizing
production, but in maximizing production per unit of
a given input (e.g., maximizing milk production per
unit of protein intake, or per unit of N excreted).
Deeply embedded into this line of thinking is the
often poorly defined concept of nutritional
requirements. In this presentation we dispute the
wisdom of using nutritional requirements for
defining efficiencies and challenge the desirability of
efficiency maximization.

2. Requirements versus response-based systems
In a requirement-based system the level of
production of the animals is an input (Figure 1).  The
outcome is a set of nutrient input levels believed to
have the ability of supporting (sustaining) the stated
level of production.  There are numerous examples of
such systems; one of the best known and often used
is that of the National Research Council (2001).

In a response-based system the level of production of
the animals is not an input but an output of the
system’s evaluation (Figure 2).  Although an
asymptotic value for production might be used as an
input, this is reflective of biological and physical
limitations and not of a desired output level.  The
problem is that many have confused the two
approaches and have mischaracterized a
requirement-based system as a response-based
system.

As an example, NRC (2001) indicates that under
default environmental condition, a mature (65
months old) dairy cows weighing 680 kg at a body
condition score of 3.0 and producing 35 kg of milk
per day at 3.5% fat, 3.0% true protein and 4.8%
lactose requires 34.8 Mcals/day of net energy for
lactation (NEL) and 2,407 g/day of metabolizable
protein (MP).  The requirements for an identical cow
at a level of production of 25 kg/d are 27.9
Mcals/day of NEL and 1,862 g/day of MP.  The
correct interpretation of these figures is that based on
our current nutritional knowledge we have all
reasons to believe that the first cow will continue (in
the short term) to produce 35 kg/day and be in
nutritional balance if the dietary supply matches the
stated requirements.  Nowhere do these
recommendations imply that if we could stuff 34.8
Mcals/day of NEL and 2,407 g/day of MP into the
second cow her production would rise from 25 kg to
35 kg/day.  Unfortunately, this has been the common
(mis)interpretation of NE-supported and MP-
supported milk in the NRC computer model output.
As importantly, nowhere does it say that 34.8
Mcals/day of NEL and 2,407 g/day of MP is the sole
combination of energy and protein input levels that
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could support 35 kg/d.  A cow is a very complex and
dynamic system where energy supply and the form
in which it is supplied (i.e., the substrates) affect the
pathways of protein utilization (and vice-versa).
Requirement-based systems are useful systems for
determining feed combinations needed to achieve a
pre-determined level of production (i.e., common
ration balancing).  They are, however, grossly
incorrect at predicting animal outputs at supply
levels other than “required” levels.

3. Do animals have requirements?
If you come to Ohio State for a graduate degree and
if we serve on your graduate committee it is likely
that you will be asked the following question either
during your general examination or during your
defense: do animals have requirements?  In 15 years,
the answer has been a unanimous “yes”, but with the
only justification that nutritional requirements are
being taught as dogmas in nutrition classes.  Even
more baffling is that students are at a loss in
justifying their answers; they do not know how they
would prove it.  A proof in this instance requires a
careful definition of what “a requirement” means.

3.1 Narrow definition.
The requirement for a given nutrient is a unique level
of supply for which (1) a lesser supply results in a
lower level of production, and (2) a greater supply
does not result in additional productivity.
Mathematically, this implies a break-point in the
relationship between production (e.g. milk) and
nutritional supply (e.g. MP).  What very few have
ever considered is how one could prove the presence
of a break-point, i.e., a point on a curve where the
first derivative does not exist.  This is an entirely
different matter than demonstrating that a break-
point relationship can be fitted.  Many researchers
have incorrectly interpreted a good fit as a proof of
concept.  An example will illustrate this fallacy.

3.1.1  Isoleucine (Ile) requirements in growing swine

Results from an experiment reported by Parr et al.
(2003) will be used here.  In short, growing pigs were
assigned to six different diets varying in dietary Ile
concentrations.  Mean average daily gain (ADG) for
each of the 6 treatments are depicted in Figure 3.
Results show a general trend towards greater ADG as
dietary Ile level increased, but the exact, quantitative
relationship between ADG and Ile is clearly not
evident

Under a narrow definition of a nutrient requirement,
there should be a dietary Ile concentration that (1)
maximizes ADG and (2) where a first derivative does
not exist.  Expressed algebraically, this segmented
linear model take the following form:

ADG =  ADGmax -  b (X0 -  Ile)      if Ile < X0 [1]
ADG =  ADGmax otherwise.

In [1], ADGmax, b, and X0 are 3 parameters to be
estimated.  The parameter estimates that result in the
best fit and the resulting model are shown in Figure
4.  Just looking at these results, one would conclude
that the model fits very well the data, with a very
high R2 (0.977) and low error (SE = 20.4 g/d).  The
requirement for Ile is then estimated at 0.47% of the
diet.

3.1.2  Necessary conditions to prove strict
requirements

This is where some people have incorrectly made a
huge leap of faith and concluded from similar types
of data analyses that requirements do exists and are
identifiable.  The problem is that the identifiability is
based on the assumption that strict requirements do
exist, and that the proof that strict requirements do
exist is based on the identifiability.  The circularity of
this argument should be evident.  More disconcerting
is that nobody has been successful at defining
(mathematically) the conditions that would prove
that a break-point does exist.  This would require
proving that the first derivative does not exist for a
certain level of X and nobody seems to know how
that can be proven empirically.

3.2  Broad definition

Under a broad definition, the requirement for a given
nutrient is simply a level of supply that results in a
given (desired) level of production.  We no longer
impose the condition that lower supply levels result
in less production, and, especially, we no longer
impose the restrictive concept that greater supply
levels do not results in the same level of productivity.
When nutrients are looked at on an individual basis,
this broad definition is equivalent to fitting a
response function of production levels on nutrient
intake (or density).  Properties of the relationship are
dependent on the particular type of function being
fitted.  The problem is that a great many function can
be fitted, each implying different properties on the
relationship between nutritional inputs and
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production levels.  Here again an example should be
useful.

3.2.1  Quadratic response with plateau

This model can be stated as follows:

ADG =  ADGmax -  b (X0 -  Ile)2       if Ile < X0 [2]
ADG =  ADGmax otherwise.

With this model, the ADG response to dietary level is
quadratic up to a level X0 where it reaches a plateau.
A big difference between [2] and [1] is that in [2] the
function is smooth.  That is, the first derivative exists
for all levels of Ile.  This curves does not have a
breakpoint.  The parameter estimates resulting in the
best fit and the resulting curve are shown in Figure 5.
Although it is tempting to label X0 as “the
requirement”, the economic implication of this
function is that the optimal level of Ile is less than X0

unless the nutrient is free, or the value of an
additional unit of ADG is infinite – two conditions
that are highly improbable in the world that we live
in.  So, although X0 can be labeled as a requirement,
animals would never be fed at their “requirement
level”, but always at a lower level.  Note also that the
“requirement” calculated from this model (0.501%) is
7.3% greater than the requirement calculated from the
segmented-linear model (0.467%).

3.2.2  Monomolecular model

The monomolecular function is similar in shape to
the logistic function past its inflection point.  Its
algebraic form is:

ADG  =  ADGmax � (1  - B � EXP(-k � Ile)) [3]

This function never reaches a plateau, but converges
towards an asymptote (parameter ADGmax in [3]).
Parameter estimates resulting in best fit and the
resulting curve are shown in Figure 6.  Some have
argued that the level of input at which the second
derivative of this function reaches a minimum can be
interpreted as a “requirement”.  As we shall see, this
interpretation is incorrect.

3.2.3  Quadratic polynomial model

This is the simple quadratic function that we all
learned in high school:

ADG  =  b0 +  b1 � Ile  +  b2 � Ile2 [4]

Best parameter estimates and the resulting curve are
shown in Figure 7.  Note that in spite of its simplicity,
this function also fits the data very well.

So what is the correct relationship between ADG and
dietary Ile in this example?  All models presented
involve 3 parameters.  Based on the highest R2 and
the smallest standard error, some would argue that
the monomolecular model has the best fit to the data.
But to argue that a difference of 0.01 between two R2

is meaningful is ignoring the errors in the
measurements.  The fact is that statistics are generally
of little help in assessing the comparative fit of
various functions expressing the biological response
of animals to dietary inputs.  There are just too many
alternatives and one invariably ends up with
multiple functions that fit the data equally well, but
that imply substantially different interpretations.

4.  Population response
The framework of a segmented-linear response
model can only be theoretically valid when data are
from animals of very similar genetics in near identical
physiological states and environments.  When
measurements are made on individuals who are
genetically different, or under different physiological
status (e.g., stage of lactation in dairy) or
environments, then the population response is
expected to be smooth even if one assumes that the
response function of each individual follows a model
of an abrupt threshold and plateau (i.e., the
segmented-linear model).  The mathematical and
statistical theory supporting this was developed
decades ago at the University of Reading (Curnow,
1973).  Figure 8 illustrates the concept.  In this figure,
although the response of each individual follows a
segmented-linear response (thin lines in Figure 8), the
response averaged across individuals is smooth (i.e.,
no break-point), sigmoid, and converges toward an
asymptote (the thick line).  The exact mathematical
form of the population response function based on
some assumptions regarding the distribution of
individuals is messy, somewhat complicated, and has
not been expanded to multiple dimensions when the
joint response to 2 or more nutrients is being
investigated.  The important point from this work,
however, is that there is a strong theoretical basis that
supports smooth and asymptotic responses to
nutrients for groups of individuals even if one
believes that strict nutrient requirements (as defined
in a prior section) do exist for individuals.  Response-
type experiments in dairy are never conducted on
animals of identical genotypes; physiological status
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always varies across individuals; and micro-
environments are never identical.  Therefore,
although one can always fit segmented-linear models
to dairy response experiments as we did in Figure 4,
such models make little theoretical sense and this
practice should be discontinued.

5.  Nutrient requirements for asymptotic models
Doepel et al. (2004) have argued (1) using a logistic
function as the basis for expressing the relationship of
milk protein or amino acids (AA) output to intake of
various amino acids, and (2) to determine
requirements as intake levels where the second
derivative of the logistic function reaches a minimum
(Figure 9).  The logistic function is indeed a wise
choice, as it closely resembles the complex theoretical
function proposed by Curnow (1973) (i.e., sigmoid
and asymptotic).  The argument for the identification
of requirements is, however, economically incorrect.
The level of input where the second derivative of the
logistic function reaches a minimum is in fact the
point where the average efficiency is maximized.  To
declare this level a requirement is not self-evident.
More troublesome is that the supply level that one
should target to maximize profits should be greater
than the so-called requirement level; oftentimes
substantially greater.  We shall use a concrete
example from Doepel et al (2004) to illustrate what
we mean.

Figure 10 shows the relationship between Met output
in milk and the total estimated Met supply at the
duodenum obtained from a meta-analysis of
literature data.  The Met requirement using a
segmented-linear model was 50 g/d.  The Met supply
level where the second derivative of the fitted logistic
function reached a minimum was also 50 g/d, hence
reinforcing the perception that the Met requirement
under the conditions summarized by this meta-
analysis is 50 g/d of Met supply at the duodenum.
Elementary economics, however, would indicate that
the profit-maximizing supply is where the marginal
value is equal to the marginal cost, i.e., the cost of the
last unit added equals the value of the additional
product.  Expressed mathematically, the optimum
Met is that where the derivative of the logistic
function (i.e., the slope) is equal to the ratio of the
price of dietary Met to that of milk Met.

The cost for Met supplied at the duodenum is
approximately $0.02/g using commercially available
methionine source.  Milk protein (which contains
approximately 3% Met) has averaged a market price

of $2.72/lb ($6.00/kg) between 2005 and 2011 on the
U.S. market.  This translates to a price of about
$0.20/g of milk Met. Hence, the optimum Met supply
would be found as the point on the logistic curve of
Figure 10 where the slope equals 0.02 ÷ 0.20 = 0.10.
This occurs approximately at a Met supply of 70 g/d,
a level which is 40% greater than that designated as
the “requirement”.

A Met supply of 50g/d at the duodenum yields 26
g/d of milk Met, which translates to 867 g/d of milk
protein.  The Met efficiency (26 ¸ 50 = 0.52) is
maximized at this level of Met supply.  Pricing milk
protein at $6.00/kg, the value of the milk protein is
$5.20/d.  Using a price of $0.02/g for Met supply at
the duodenum, the 50 g/d of Met costs $1.00/d,
resulting in gross margins of $4.20/cow per d.

A Met supply of 70 g/d at the duodenum yields 31
g/d of milk Met, which translates to 1,033 g/d of
milk protein.  The Met efficiency at this level of
supply (31 ÷ 70 = 0.44) is substantially less than at a
supply of 50 g/d (0.52; the bigger this number the
greater is the efficiency).  The value of the milk
protein, however, is increased to $6.20/d, while the
cost of the Met supplied is increased to $1.40/d,
resulting in gross margins of $4.80/cow per d.  Thus,
driving the system towards maximum Met efficiency
results in a net loss of $4.80 - $4.20 = $0.60/cow per
day, or over $200 per lactation compared to
supplying Met for maximum economic returns.

6.  Maximum efficiency always comes at a cost
The previous example is understandably a little bit
naïve, but served as an illustration of the penalty
associated with using maximum efficiency of inputs
as targets.  A few years ago, we conducted a large
study to estimate the economic penalty that would be
associated with a proposed farm policy that would
aim at enforcing maximum N efficiency in livestock
feeding (St-Pierre and Thraen, 1999).  Using an
expansion of Curnow theory, we developed empirical
response model based on net energy lactation (NEL)
and crude protein (CP) inputs.  The response function
for cows of average genetic potential is shown in
Figure 11 as a contour plot.  Note that it is smooth
(continuous first partial derivatives) and asymptotic.
Using average feed and milk prices during the 1995-
1999 period, we determined the input levels that
maximized nitrogen (N) efficiency, maximized milk
production, and maximized income over feed costs
(IOFC).  Results are shown in Figure 11.
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Table 1 reports results of various calculations
comparing a U.S. national dairy system targeting
maximum economic efficiency vs. maximum input
efficiency (of nitrogen in this case).  The total societal
cost to a policy enforcing maximum N efficiency on
dairy farm was estimated at $1.35 billion per year,
which equated to $9.55/kg of reduction in N
excretion.

Conclusions
Although it would appear desirable to thrive towards
efficiency maximization in dairy, this will always be
accompanied with a reduction in profitability.
Depending on the size of the profit reduction,
maximization of input efficiency can range from
being achieved at a negligible cost all the way to
being highly objectionable from an economic
standpoint– or anything in between.
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Table 1. Immediate economic consequences of
enforcing maximum N efficiency (MAX M/N) as
opposed to optimum economic allocation of nutrient
inputs (MAX IOFC) on the national cost of producing
70 billion kg of milk, assuming a national herd with a
milk production potential of 11,350 kg/yr per cow
(from St-Pierre and Thraen, 1999).

MAX IOFC MAX M/N
Actual milk production,
kg/cow per year 10,955 9,812
N excretion, kg/cow
per year 146 111
Income over feed costs,
$/cow per year $1,893 $1,639
Net income, $/cow per year $622 $368
Number of cows, millions 6.39 7.13
N excretion, tonnes/year 932,940 791,430
Net income, million $/year 3975 2624
Reduction in net income per kg . 9.55
of reduction of N excretion, $/kg of N

Figure 1. Requirement-based system for diet
formulation.  Level of productivity is an input to the
system.

Figure 2. Response-based system for diet
formulation.  Level of productivity is not an input to
the system.

Figure 3. Average daily gain (g/d) in growing pigs
as a function of dietary isoleucine concentration (%).
Data from Parr et al., 2003.
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Figure 4.  Linear and plateau model of ADG (g/d) in
growing pigs as a function of dietary Ile
concentration.  Data from Parr et al., 2003.  Best fit is: 
Y = 716.3 (±11.8) - 2850 (±361.0) � (0.4669 (±0.0083) –
Ile)  if   Ile < 0.4669,
Y = 716.3 (±11.8)  otherwise.  
R2 = 0.977, SE = 20.4 g/d. 

Figure 5.  Quadratic and smooth plateau model of
ADG (g/d) in growing pigs as a function of dietary
Ile concentration.  Data from Parr et al., 2003.  Best fit
is: 
Y = 715.5 (±8.77) – 17,557 (±4260.2) � (0.501 (±0.014) -
Ile)2 if   Ile < 0.501,
Y = 715.5 (±8.77)  otherwise.    R2 = 0.987, SE = 15.2
g/d.

Figure 6.  Monomolecular model of ADG (g/d) in
growing pigs as a function of dietary Ile
concentration.  Data from Parr et al., 2003.  Best fit is: 
Y = 733.4 (±10.2) � (1 - 627.4 (±619.2) � EXP(-19.53
(±2.62) � Ile))  
R2 = 0.993, SE = 11.1 g/d. 

Figure 7.  Quadratic polynomial model of ADG (g/d)
in growing pigs as a function of dietary Ile
concentration.  Data from Parr et al., 2003.  Best fit is: 
Y = 2305 (±490.6) + 11,288 (±2073.8) � Ile - 10,479.9
(±2156.3) � Ile2

R2 = 0.976, SE = 21.1 g/d. 

Figure 8.  Illustration of a smooth population
response curve (thick line) base on an abrupt
threshold and plateau model (i.e., segmented-linear
model) for individuals (series of thin lines).
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Figure 9. Representation of a logistic response to
histidine supply (a), with its first (b) and second (c)
derivatives. The curve (b) represents the marginal
efficiency. The maximum marginal efficiency (a2, b1)
is calculated from the first derivative, and the lower
(a1, c1) and upper (a3, c2) critical points are
calculated from the second derivative. The upper
critical point is assumed to represent the requirement
for duodenal AA supply.  From Doepel et al., 2004.

Figure 10. Relationship between Met output in milk
and supply of Met at the duodenum from a meta-
analysis of literature data. Data points from the same
experiment are connected by dotted lines. The logistic
(solid line) and segmented linear (dashed line)
models are superimposed.   From Doepel et al., 2004.

Figure 11.  Contour plot showing the response
function of milk production to net energy for
lactation (NEl) and crude protein (CP) concentration
of the diet (St-Pierre and Thraen, 1999), and the input
combination leading to maximum nitrogen (N)
efficiency (Max M/N), maximum milk production
(Max MILK), and maximum income over feed costs
(Max IOFC).  From St-Pierre and Thraen, 1999.
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Mary Keough Ledman has over twenty years of
experience in the dairy industry that includes
production, processing and policy. She grew-up on a
160 acre, 50-cow dairy farm in southern Wisconsin
and has worked on farms in Germany, Japan and
New Zealand.  

Mary earned a Master of Science degree in
Agricultural Economics from Texas A& M University
and also received a Fulbright Fellowship to study the
European Community’s dairy policy in Germany.

Mary’s past work experience includes USDA, Kraft
and Stella Foods. In 1995, she founded Keough
Ledman Associates, a dairy economic consulting firm
that provides monthly dairy product and milk price
forecasting, economic and policy analysis, dairy
product and milk sourcing strategies and domestic
and international dairy market information. 

In April 2012, Mary took over the Daily Dairy Report
when the CME discontinued their sponsorship of the
report. Mary and her team dissect the latest market
information and explain why the information is
important to your business. 

Today, Mary is going to share with us her outlook on
domestic and global milk and dairy product prices.

Mary Keough Ledman
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Take Home Message
1. The economic value of a feed rests in the value

of its nutrients.  In dairy, the economically
important nutrients are net energy lactation
(NEL), metabolizable protein (MP), effective
NDF (eNDF), and non-effective NDF (neNDF).  

2. Unit prices of the important nutrients can be
calculated using the composition and prices of
all feeds being traded in a given market.  This
method is available in a Windows-based
software.  Alternatively, estimates of unit prices
are being published on a monthly basis in a
national dairy magazine for all major dairy
regions.  

3. Forage composition for NEL, MP, eNDF and
neNDF can easily be determined using 11
compositional inputs and equations provided
in the appendix of this paper.  Using data from
our experimental research station, we do not
find a strong association between in vivo total
tract NDF digestibility and in vitro NDF
digestibility (NDFd).  At this point we are still
recommending the use of protein-free NDF and
lignin to estimate NDF digestibility.  

4. For most feeds, the economic value is
calculated as the simple sum of the values of
their nutrients.  With forages, however, one
must introduce a correction associated with
quality because forages are not entirely
substitutable.  Dairy cows exhibit a small, but
significant response in milk yield when high
quality forages are substituted for low quality
forage in otherwise equally balanced diets.  

5. The values of three levels of quality within
alfalfa and grass hay are calculated over the
period of January through March 2012.  In
alfalfa, nearly 65% of the total value is
associated with the NEL content, whereas in
grass NEL content accounts for nearly 75% of
forage values.  Of the 11 compositional inputs
required in the calculation of hay and silage
values, NDF, lignin and ash appear to have the
greatest importance.  

Introduction
What are feeds used for? Animals do not require
feeds; animals require nutrients.  Feeds are nothing

else than containers, packages of nutrients.  The sole
value of a feed is in the value of the nutrients that it
contains.  A feed containing no nutrient has no
economic value.  No economic value means that it is
worthless - ZERO.

What are the nutrients of economic value? The
answer to that question depends on two things.  First,
the nutrients of economic value are dependent on the
class of animals under consideration.  For example,
the nutrients of economic importance are not the
same for beef cattle, lactating dairy cows, dry cows,
and replacement animals.  Hence a given feed has a
different economic value to lactating dairy cows and
replacement heifers.

Second, the nutrients of economic value depend
whether one is interested in the strategic value of a
feed versus its tactical value.  This begs further
explanations.  A dairy producer feeding 50 lbs/day of
a finely chopped corn silage is looking for attributes
in purchased hay that are very specific to the narrow
conditions in which it is to be fed.  The value of a
given lot of hay to this producer would be entirely
tactical – i.e., determined by how well it fits as a
complement to other feed ingredients that are
essentially pre-determined.  On the other hand, a
dairy producer who considers all feed components of
his dairy rations to be exchangeable (tradable) would
look at a given lot of hay with a strategic view.  The
hay would no longer be looked at as a complement to
other pre-determined feeds, but as a component of
the whole diet.  To put it differently, tactical is when
you have painted yourself in a corner; strategic is
when you look at the floor configuration before you
start painting.

The economic values calculated in this paper are (1)
exclusively for lactating dairy cows, and (2) entirely
strategic.

Of the large set of nutrients required by dairy cows,
some have large economic values while others have
small economic values.  The calcium content of feeds
is a good example of a nutrient with a small
economic value.  Calcium can be supplemented very
inexpensively in any dairy diets.  This is not to say

Pricing Homegrown and Purchased Forages
Normand St-Pierre and William P. Weiss

Department of Animal Sciences, The Ohio State University, Columbus, OH-43210.
Email:  st-pierre.8@osu.edu
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that calcium is not important to dairy cows or that
ration balancing should ignore calcium.  It just says
that the economics of feeding cows have little to do
with calcium.

We have extensively studied the major dairy feed
markets in the U.S. over a period of 30 years.  Across
all 3 major markets (Midwest, Northeast, West), two
sets of nutrients explain over 98% of the variation in
feed prices.  These are:

1. Net energy for lactation (NEL), rumen
degradable protein (RDP), digestible rumen
undegradable protein (dRUP), effective neutral
detergent fiber (eNDF), and non-effective
neutral detergent fiber (neNDF), or

2. NEL, metabolizable protein (MP), eNDF, and
neNDF.

The two sets are entirely interchangeable and give
very similar results.  The protein requirements of
dairy cows, however, are best expressed as
metabolizable protein.  Therefore, nutrient set #2 will
be exclusively used in the balance of this paper.

Unit Prices of Important Nutrients
Calculating nutrient unit prices.  Feed markets do
exist: there are people selling and buying feeds in all
major dairy regions.  But there is no market for
nutrients.  Or is there?  Can we calculate the implicit
nutrient prices from the market prices of feedstuffs?

The problem of determining the implicit price of
attributes (the nutrients) embedded in various
products (feedstuffs) is not at all unique to the
feed/nutrient complex.  Economists have found an
elegant way to solve this problem using a method
called hedonic pricing.  We will not review the details
of how this work in this paper.  Interested reader can
consult St-Pierre and Cobanov (2000) for further
details.  In short, prices and nutritional composition
of all ingredients traded in a given market are used to
back-calculate, using statistical methods, what the
markets are implicitly pricing the nutrients contained
in feeds.

Market prices of nutrients in the Midwest for the 86
months between January 2005 and March 2012 are
shown in Figure 1.  During this period, the cost per
unit of NEL has more than tripled, the cost per unit of
MP has doubled, while the cost per unit of eNDF has
surged in the first half of 2011.  The U.S. has
experienced drastic changes in renewable energy

policies during the last decade, some of which have
had a substantial effect on feed prices.  However,
large variation in nutrient unit prices are still evident
even over a much shorter period of time such as what
has occurred since January 2011 (Table 1).

What affects nutrient unit prices? Market prices of
all feeds affect nutrient unit prices, not just the prices
of corn, soybean meal and alfalfa hay.  Therefore,
nutrient unit prices change through time and
location.  We have already shown how nutrients can
quickly change through time in Table 1.  Because of
regional differences in feed prices and availability,
nutrient unit prices also show substantial regional
differences (Table 3).  In this paper we will be using
Midwest nutrient unit prices.  When examining the
effect of time, we will use January 2011 to March 2012
prices.

Where do I find the nutrient unit prices? You can
purchase a Windows-based software that we wrote
(Sesame) for $10 at www.sesamesoft.com.  Beware that
it is NOT the easiest software to use.  Alternatively,
we publish a regular column in Progressive Dairyman
where we publish the nutrient unit prices for the
major dairy regions of the U.S.

Forage Composition
Nutrient composition used in this paper. Each lot of
forage has a unique nutrient composition that affects
its value.  The nutrient composition of forages used
as examples in this paper are reported in Table 2.  We
used 3 levels of quality for legume hay and grass hay.

A few things are worth mentioning here.  First, notice
that the quality of alfalfa (and grass) has a much
smaller effect on its metabolizable protein than on its
crude protein.  Second, observe that in alfalfa the
non-fiber carbohydrates (NFC) contribute 2 times
more to its energy content (i.e., TDN) than the NDF.
In grass, the situation is reversed, with NDF
contributing significantly more to the energy content
than NFC.  Total tract NDF digestibility is greater in
grass (~47%) than in alfalfa (~39%) of equivalent
quality.

How are NEL and MP calculated? Equations used in
the calculation of NEL and MP according to NRC
(2001) are reported in the appendix.  Although these
equations may seem intimidating at first, they can
easily be programmed in a computer spreadsheet.
While 9 chemical entries are required for the
calculation of NEL only 5 measurements will have
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much effect on NEL in practice: DM, CP, NDF, lignin,
and ash.  Other entries can simply be taken from
standard feed composition tables.

The calculation of MP requires a measurement of CP,
rumen degradability of protein (RUP_CP), and post-
ruminal digestibility of RUP (RUPd).  Some feed
laboratories provide estimates of RUP_CP, but the
variation within a type of hay is relatively small and
largely inconsequential to the value of the forage.
Likewise, table values for RUPd should be used.

What NDF digestibility should be used? The ratio of
lignin to protein-free NDF is used to estimate in vivo
total tract NDF digestibility (TT-NDFd) in the
equation for TDN_NDF reported in the Appendix.
The 2/3 exponent is used to convert mass to surface
area, hence representing the decrease in NDF
digestibility due to the surface interaction (i.e.,
coating) of cell walls by lignin.  This conceptual
interaction is necessarily a simplification of the
complex anatomy and chemistry of plant cell walls.
Some have advocated the use of in vitro NDF
digestibility (NDFd) as a proxy for the calculated TT-
NDFd used when calculating TDN_NDF.  Although
this approach is appealing, much doubt remains
regarding the relationship between NDFd and TT-
NDFd.  For example, we have summarized the
relationship between TT-NDFd and NDFd for 23
diets where TT-NDFd was measured using total fecal
collection in trials conducted at our experimental
research station (Figure 2).  In this figure, it is
apparent that NDFd overestimates differences
between treatments and that the magnitude of the
difference in NDFd is not related to the magnitude of
the difference in TT-NDFd.  The ranking within
experiment was often OK with NDFd, raising the
possibility of using NDFd for energy calculation.  It is
clear, however, that NDFd cannot be directly
substituted for TT-NDFd when calculating the energy
of a feed.  Much work is needed in this area.
Meanwhile, we still recommend using the equation
with the ratio of lignin to protein-free NDF for
estimating the energy contribution of NDF.

Calculating the Value of a Forage
The value of the nutrients. So far, we have shown
that nutrient unit prices can be calculated from
market information from all feedstuffs traded in an
area.  We also explained how the nutrient
composition of forages for the economically
important nutrients are calculated.  Determining the
value of the nutrients in a given forage involves a

series of simple arithmetical operations.  These are
illustrated for the reference alfalfa in Table 4 using
the average price of nutrients for the Midwest from
January 2011 to March 2012.

Correcting for milk production response. For most
feeds, the sum of the values of the nutrients as
calculated in the preceding paragraph is its average
economic value; but not for forages.  While most
feeds are substitutable based on their nutrient
content, this is not entirely true for forages.  What
this means is that two rations balanced for exactly the
same nutrient density (NEL, MP, eNDF, neNDF) but
using forages of different quality do not result in
exactly the same milk production.  Cows fed the
ration based on a high quality forage respond to
forage quality with additional milk production
mainly through greater dry matter intake (DMI).
Note that this is not the same as the response to
feeding forages of different quality, but without any
ration re-balancing.  Here the rations are identical in
their nutritional content, but cows fed rations based
on higher quality forages achieve a greater level of
milk production.

We used results from many research trials to calculate
the response to forage quality.  Although one could
think of a better marker of quality than the total NDF
content of forage, the data did not allow the
calculation of anything more than NDF.  The
resulting equations used to calculate the value per
ton of forage due to milk production responses are:

Alfalfa: Value of Response ($/ton)  =  [(P-Milk x 0.273
x (44 – NDF)] x DM ÷ 100

Grass: Value of Response ($/ton)  =  [(P-Milk x 0.3 x
(53 – NDF)] x DM ÷ 100

where P-Milk is the price of milk ($/cwt).  It is
important to understand that this adjustment to the
value of forages means that forage values are
dependent on milk prices.  The difference in the
value of a high quality forage compared to that of a
low quality forage is much smaller when milk prices
are low (such as in 2009) then when milk prices are
high (as in 2011).

Effect of forage type and quality on the value of
forage in 2011. Table 5 summarizes the values of
alfalfa and grass hay for 3 levels of quality for the
period of January 2011 to March 2012.  On an
average, the range in values due to quality is greater
in grass ($124/ton) compared to alfalfa ($73/ton).
This could be due to the arbitrary range of quality
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selected for the two types of forages.  On an average,
alfalfa is worth $50/ton more than grass.  Compared
to alfalfa, grass hay shows a greater range in value
through time: $109 and $126/ton for alfalfa and
grass, respectively.  More importantly, the value of
forages changes considerably through time even over
a short time span.

Contribution to calculated values. The value of a
forage is the sum of the values of its important
nutrients plus the milk response associated with the
forage quality expressed as NDF content.  The
contribution of each nutrient to the value of a forage
is not the same.  Table 6 shows the average
contribution of NEL, MP, eNDF, neNDF, and milk
response for the 15 months since January 2011 for the
reference alfalfa and grass hays.  On an average,
energy (NEL) content accounts for nearly 65% of the
value of alfalfa hay and 75% of the value of grass hay.
Notice that the protein in alfalfa (20% crude protein)
is only worth $7/ton more than the protein in grass
(12% crude protein).  This is because most of the
protein in forage is rumen degradable (RDP), and the
unit value of RDP ($/lb) is generally null and often
even slightly negative (results not shown).  Producing
forages of greater protein content is of little value
unless the protein increase is associated with an
increase in the digestibility (energy) of the resulting
feeds.

In hay and most haycrop silages, most of the NDF is
effective, resulting in very small neNDF content
(Table 2).  Therefore, the contribution of neNDF to the
value of long hays could be entirely ignored without
meaningful losses in the accuracy of estimating their
economic values.

Marginal changes from compositional values. The 4
nutrients used to calculate the value of a forage are
calculated from 11 compositional entries.  We can
calculate the change in the value of our reference
alfalfa and grass hay from a one-unit change in each
of the 11 entries (Table 7).  One should be extremely
careful in the interpretation of these results.  First, a
one-unit change does not represent the same degree
of “difficulty” across all compositional elements.  For
example, it is considerably easier to raise the NDF of
grass by one unit than to raise its ether extracts also
by one unit.  Second, and even more importantly, it is
very difficult in nature to change a compositional
element by one unit without affecting any of the
other compositional elements.  For example, crude
protein in alfalfa is negatively associated with NDF

content.  On average, raising crude protein lowers the
NDF content (i.e., the plant is more immature).
Likewise, NDF and lignin content are positively
associated, meaning that an increase in NDF content
is generally associated with an increase in lignin
content.  Keeping these reservations in mind,
compositional elements can be loosely grouped into 3
categories. 

1. Those with a small effect on the value of hay:
RUP, RUPd and NDFe,

2. Those with a medium effect on the value of
hay: DM, CP, NDICP, and

3. Those with a large effect on the value of hay:
ADICP, ether extracts, NDF, lignin and ash.

Ether extracts and ADICP are relatively constant
within hay type compared to NDF, lignin and ash.
NRC (2001) reports standard deviations of 0.4
(ADICP), 0.5 (ether extracts), 0.9 (lignin), 1.0 (ash),
and 6.3 (NDF) percent.  Thus, NDF, lignin, and ash
are arguably the most influential compositional
entries to hay values.  Note that the net effect of NDF
on hay values incorporates its positive effect on
forage value from its positive contribution to eNDF,
and its negative effects on forage value from its
negative contribution to NEL and MP.

Concluding remarks
The values calculated in this paper are on a farm-gate
basis (i.e., delivered) and not FOB.  Therefore, forage
growers would have to account for delivery costs
when estimating the value of a given hay or silage.
In addition, the values calculated in this paper are
averages and represent what coherent buyers should
be willing to pay.  Coherent behavior is often an
elusive attribute in feed markets.  Some buyers
consistently shop for “supreme” quality alfalfa hay
because that’s what they have been using for years
without ever considering whether other quality levels
or even other types of feeds make more economic
sense.  A very thirsty man is much more willing to
pay an exorbitant price for a cold beer, especially if he
fails to consider the free water available from a
nearby fountain.
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Appendix

Equations used to calculate NEL (NE_3X, Mcal/lb) of forages:
TDN_NFC = 0.98 x (100 – NDF + NDICP – CP – EE – ASH)
TDN_NDF = 0.75 x (NDF – NDICP – LIG) x (1-(LIG/(NDF-NDICP))0.667)
TDN_CP = CP x exp(-1.2 x ADICP/CP)
TDN_EE = (EE – 1) x 2.25
TDN_1X = TDN_NFC  +  TDN_NDF  +  TDN_CP  +  TDN_EE  -  7
DE_1X = (TDN_NFC x 0.042) + (TDN_NDF x 0.042) + (TDN_CP x 0.056)

+ ((EE-1) x 0.094)  -  0.3
TDN_3X = TDN_1X  x  0.92
NE_3X = (0.6532 x DE_1X)  - 0.5064  
Equations used to calculate the metabolizable protein (MP, % of DM) of forages:
dRUP = CP  x  RUP_CP  x  RUPd  ÷  10000
dMTP = TDN_3X  x 1.3  x 0.64  ÷  10
MP = dRUP  +  dMTP
Equations used to calculate effective and non-effective NDF of forages:
eNDF = NDF  x  NDFe
neNDF = NDF  -  eNDF
where:
ADICP = ADF insoluble crude protein (% of DM)
ASH = Ash (% of DM)
CP = Crude protein (% of DM)
dRUP = Digestible RUP (% of DM)
dMTP = Digestible microbial true protein (% of DM)
EE = Ether extracts (% of DM)
eNDF = Effective NDF (% of DM)
exp = The exponential function (i.e., e exponent the value in parentheses)
LIG = Lignin (% of DM)
NDF = Neutral detergent fiber (% of DM)
NDFe = NDF effectiveness (% of NDF)
NDICP = NDF insoluble crude protein (% of DM)
NE_3X = Net energy for lactation measured a 3 times maintenance (Mcal/lb)
neNDF = Non-effective NDF (% of DM)
RUP_CP = Rumen undegradable protein (% of CP)
RUPd = Digestibility of RUP (% of RUP)
TDN_1X = Total digestible nutrients at 1 time maintenance (% of DM)
TDN_3X = Total digestible nutrients at 3 times maintenance (% of DM)
TDN_CP = TDN from the crude protein fraction (% of DM)
TDN_EE = TDN from the ether extracts fraction (% of DM)
TDN_NDF = TDN from the NDF fraction (% of DM)
TDN_NFC = TDN from the NFC fraction (% of DM).
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Table 1. Nutrient unit prices in the Midwest between January 2011 and March 2012.

Nutrients Average S.D. Min Max
NEL (¢/Mcal) 16.5 2.7 11.1 20.8
MP (¢/lb) 23.6 9.6 9.7 40.6
eNDF (¢/lb) 3.6 3.5 0.0 11.9
neNDF (¢/lb) -8.7 3.7 -13.5 -3.2

Table 2. Nutrient composition of the reference alfalfa hay, reference grass hay, and low and high quality hays used
as examples.

Alfalfa Grass
Nutrients1 Units Reference Low High Reference Low High
Dry matter % 88 88 88 88 88 88
Crude protein % 20 16 24 12 8 16
NDICP % 2.5 2.5 2.5 4.0 4.0 4.0
ADICP % 1.5 1.5 1.5 1.0 1.0 1.0
Ether extracts % 2.0 2.0 2.0 2.5 2.5 2.5
NDF % 40 44 36 60 68 52
ADF % 30 34 26 40 48 32
Lignin % 7.0 8.8 5.4 6.5 8.5 4.5
Ash % 10 10 10 7 7 7
RUP %CP 25 25 25 30 30 30
RUPd % RUP 70 70 70 65 65 65
Effective NDF % NDF 92 92 92 98 98 98

TDN from NFC % 29.9 29.9 29.9 22.1 18.1 26.0
TDN from NDF % 15.4 15.8 14.8 28.3 30.8 25.9
TDN from CP % 18.3 14.3 22.3 10.9 6.9 14.8
TDN from EE % 2.3 2.3 2.3 3.4 3.4 3.4
TDN at 3X % 54.0 50.7 57.1 52.9 47.9 57.9
NEL at 3X Mcal/cwt 57.6 51.5 63.5 53.0 44.6 61.5
MP at 3X % 7.99 7.02 8.95 6.73 5.55 7.94

———————————————- Units per Ton ———————————————
NEL Mcal 1014.2 906.7 1118.1 932.6 785.5 1082.3
MP lbs 140.7 123.5 157.6 118.6 97.6 139.7
eNDF lbs 647.7 712.4 582.9 1034.9 1172.9 896.9
neNDF lbs 56.3 62.0 50.7 21.1 23.9 18.3

1NDICP = NDF insoluble crude protein; ADICP = ADF insoluble crude protein; NDF = neutral detergent fiber; ADF
= acid detergent fiber; RUP = rumen undegradable protein; RUPd = RUP digestibility; TDN = total digestible
nutrients; NEL at 3X = net energy for lactation calculated at an intake of 3 times maintenance; MP at 3X =
metabolizable protein calculated at 3 times maintenance.
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Table 3.  Nutrient unit prices across 3 regions1, April, 2012.

Nutrients Northeast Midwest West
NEL (¢/Mcal) 20.8 15.2 18.4
MP (¢/lb) 18.8 27.2 20.4
eNDF (¢/lb) -3.3 -0.2 8.5
neNDF (¢/lb) -18.6 -7.1 -4.2
1 Northeast prices are for NY and northern PA; Midwest prices are for WI and eastern MN; West prices are for the
San Joaquin Valley of CA.

Table 4.  Calculation of the value of the nutrients in one ton of the reference alfalfa hay using average nutrient unit
prices from January 2011 through March 2012.

DM Mcal or Unit Prices Value
Composition % Pounds per

Ton ¢ $/ton
NEL (Mcal/cwt) 57.6 88 1014.2 16.5 167.34
MP (% DM) 7.99 88 140.7 23.6 33.20
eNDF (% DM) 36.8 88 647.7 3.6 23.31
neNDF (% DM) 3.2 88 56.3 -8.7 -4.90
Total 218.95

Table 5. Value ($/ton) of alfalfa and grass hay of 3 quality levels, Midwest, January 2011 to March 2012.

Feeds Average SD1 Min Max
Alfalfa - Reference 241 37 193 302

- Low 204 36 162 265
- High 277 38 223 338

Grass   - Reference 191 46 145 271
- Low 129 47 77 210
- High 253 47 197 332

1 SD = standard deviation.

Table 6. Average contribution of NEL, MP, eNDF, neNDF, and milk response to the value of our reference alfalfa
and grass hays between January 2011 and March 2012.

Alfalfa Grass
Component $/ton % of Total $/ton % of Total
NEL 154.55 64.0 141.75 73.7
MP 43.75 18.2 36.88 19.2
eNDF 30.44 12.6 48.64 25.3
neNDF -4.78 -2.0 -1.79   -0.9
Milk 17.29 7.2 -33.26 -17.3
Total 240.86 100.0 192.21 100.0
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Table 7. Marginal change in value of forage hay ($/ton) from a one-unit increase in each of the compositional
entries between January 2011 and March 2012.

Change in forage value ($/ton)
Composition entries Alfalfa - Reference Grass - Reference
Dry matter (%) 2.73 2.19
Crude protein (% DM) 2.12 2.23
NDICP (% DM) 1.28 1.14
ADICP (% DM) -5.17 -5.01
Ether Extracts (% DM) 4.72 4.72
NDF (% DM) -4.96 -5.10
Lignin (% DM) -4.42 -5.38
Ash (% DM) -3.68 -3.67
RUP (% CP) 0.76 0.43
RUPd (% RUP) 0.27 0.20
NDF Effectiveness (% NDF) 0.93 1.40

Figure 1.  Price of nutrients in the Midwest from January 2005 through March 2012.  
NEl$ = Net energy for lactation ($/Mcal), MP$ = metabolizable protein ($/lb), and e-NDF$ = effective NDF ($/lb).

Figure 2.  Relationship between whole diet total tract in vivo NDF digestibility (TT-NDFd) expressed as deviation
from a control diet and in vitro NDF digestibility (NDFd).
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Feed prices for the last 5 years have been at historic
highs.  Coupled with periods of low milk prices, this
has resulted in extremely tight (sometimes negative)
margins for dairy producers.  The ability of
ruminants to convert lower digestibility feedstuffs
(forages and other high fiber feeds) into useable
products has always been a positive attribute and one
that has historically allowed the use of lower cost
feedstuffs, often by-products which would be wasted
otherwise.  However, higher feed prices have affected
even these lower cost feeds. Thus, the need to
evaluate and try to manipulate the conversion of feed
to products has been a focus, even in the dairy
industry, where it has not been a traditional area of
concentration.

Other production livestock species (poultry, swine,
beef) have focused heavily on feed efficiency (feed
conversion), the efficiency at which feed is converted
to saleable products (i.e., eggs, chicken, pork, beef), as
it is one of the main factors, affecting profitability.
The dairy industry has been slower to focus on feed
efficiency and has primarily been driven to do so
with higher feed prices.  But now feed efficiency or
maybe better a better term, feed conversion (feed
converted to milk components), has become a focus
in the dairy industry. 

Traditionally, feed related factors have been the focus
when evaluating feed efficiency.  We Forage
digestibility, feed particle size, protein levels, fat
levels, starch levels and certain feed additives can
affect feed efficiency.  Feed related factors have been
the focus because that’s what nutritionists know best,
and feel they can control the most.  Certain cow and
environmental factors (i.e., days in milk, lactation
number, heat stress, exercise and acidosis) can affect
feed efficiency.  However, these can be more difficult
to control and manage.  

One additional area that has not been a focus when it
comes to feed efficiency is cow comfort.  Cow
comfort issues can affect milk production and
components, reproduction and general health, but
these effects in relation to feed efficiency have not
traditionally been an area of focus.  Many times,
these factors can have greater impact on feed
efficiency than feed related factors.

The focus of this presentation will be exploration of
both feed and non-feed related factors that can have
an effect on feed efficiency with a focus on cow
comfort issues.  Opportunities to improve feed
efficiency, productive efficiency and profitability
through improvements in management will be
discussed. 

Optimizing Feed Efficiency:
Feed and Non-feed Factors

Jim Sullivan, Ph.D., PAS-Technical Manager-US Dairy Business Unit-Novus International
Jim.Sullivan@novusint.com
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Conner consults with companies to develop and review
nutrition products for use in ruminant diets.  Previous
research and publications have focused on tallow use in
ruminants, branch chain fatty acid utilization by beef and
dairy cattle and utilization of cotton plant residues by
cattle.

BIOGRAPHY
Michael C. Conner, PH.D.
398 CR 539, Hico, Texas
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Mike DeGroot has been an independent dairy
nutrition and management consultant for seven and a
half years.  He received a B.S. degree in Dairy Science
and Agribusiness from Cal Poly, San Luis Obispo.
He obtained his M.S. degree from Fresno State
University in ruminant nutrition and his Ph. D. in
ruminant nutrition from Oregon State University.
His areas of focus included transition cows and
feeding behavior.  Mike consults on over 20 dairies in
California and New Mexico.  He has been active in
the industry through the California ARPAS chapter
where he coauthored a paper on the Variability in
Chemical Composition and Digestibility of Twelve By-
Product Feedstuffs Utilized in the California Dairy
Industry. (Professional Animal Scientist 2007 23:148-163).
Mike has been on the California Animal Nutrition
Conference Committee for the past 7 years and was
chair of the conference in 2011.  He has been involved
with several on farm trials including working with
niacin in transition cows.  Dr. DeGroot is a guest
lecturer at Cal Poly as he sees a need to tie industry
in with academia. 

How I deal with volatile markets and high feed
prices:

1) It is on a herd to herd basis
2) We are using a program that we created that

looks at feed value based on current market
prices.  We are not afraid to change
ingredients as long as we have some measure
on whether it worked or not.

3) Depending on herd logistics, I will try to
maintain my fresh and high cows as long as
possible and slowly cut the low rations to see
where we end up.

4) Utilize tools such as BCS and weight to make
sure that we are as accurate as we can be on
our inputs in the program and to ensure that
we can keep the ration cost down as much as
possible.

Feed efficiency:
1) It is one of several measurements that I look

at. I think IOFC goes hand and hand with FE
2) It is something that we use within herd to see

if things are changing.  Based on herd
logistics it can vary by up to two tenths of a
point during certain times of year.  

3) Physical characteristics of the ration play a
huge factor in feed efficiency 

4) Weigh back or push out is crucial to getting a
good accurate number.  Not too many of our
herds do weigh back every day.  However, I
feel that it is a good number to have and
should be monitored.

5) Decrease the amount that you will let your
feeder increase or decrease on a daily basis.
This will keep the herd from going through
swings of dry matter intake where sometimes
they are low and other times high, which is
not good for efficiency.

Michael DeGroot
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BACKGROUND
Grew up on our family dairy and crop farm in
Pennsylvania

EDUCATION
Graduate of University of PA School of Veterinary
Medicine in 1979

CAREER
Veterinarian with Lancaster Veterinary Associates
1979 to present.
Provide veterinary and production medicine services
including routine ration formulation and
troubleshooting to dairy clients.

PROFESSIONAL ASSOCIATIONS:
American Veterinary Medical Association, American
Association of Bovine Practitioners, Professional
Dairy Managers of Pennsylvania, American Registry
of Professional Animal Scientists.

DEALING WITH VOLATILE MARKETS:
The constant challenge of any business is to
maximize margins, maintain cash flow, and minimize
risks.  As markets become more volatile this principle
does not change.  The same is true for a dairy
enterprise.  Feed costs are the single largest expense
to a dairy.  The challenge always is to utilize
ingredients that give the best bang for the buck.
Know what is going into the ration and what is
expected from each ingredient.  Balancing rations
based upon metabolizable energy and metabolizable
protein has been a great step forward in my
experience.  Evaluate results of formulation changes.
Profitability and economic survival starts with
healthy cows, reproductive efficiency, high quality
forages, and good yields on home grown crops. Use
home grown, on farm feeds as much as possible and
strategically to maintain cash flow.  Use appropriate
professionals to help manage contracts for feed and
milk to minimize risk in the markets.  Track health
and culling losses in the herd for areas of weakness
that need to be corrected.  Evaluate replacement
programs for unnecessary expenses.  Track feed
efficiency to serve as a monitor of changes in
nutrition and herd dynamics as conditions change
over time.   Know why feed efficiency is on the low
or high side of a 1.4 to 1.6 ratio.  Look at the whole
herd management program.  While the nutritional
program is crucial, it’s not the only factor that caused
fluctuations in feed efficiency and herd profitability.

Lancaster Veterinary Associates
Robert Stoltzfus  VMD

136 Main Street
Salunga, PA   17538
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SUMMARY
• Carbohydrates, NDF and NFC, comprise about 70%
of DM in diets for lactating cows.

• While diets containing 21% forage-NDF are
common, depending on forage availability, price and
quality, diets can be found within a normal range of
16% - 24% forage-NDF (DM basis).

• Maximum NFC guidelines are positively related to
forage-NDF content in diets for lactating cows.

• Starch is the major component of the NFC fraction;
ruminal and (or) total-tract digestibility of starch
varies depending largely on grain type and
processing.

• Increased corn prices have created much interest in
the potential for feeding reduced-starch diets.

• Feed efficiency and IOFC results from the
continuous lactation trials reviewed herein indicate
that, for high producing cows in mid lactation,
partially replacing corn grain with NDF from either
high-fiber byproducts or corn silage to formulate
reduced-starch diets was not beneficial.

• Rumensin® increased milk production efficiency
when added to both normal- and reduced-starch
diets.

• Diets containing about 6% total sugar (DM basis)
appear to be optimum.

• Greater extent of high-moisture corn fermentation in
the silo increases starch digestibility, apparently
through degradation of the starch-protein matrix as
reflected by increased ammonia concentrations. 

INTRODUCTION
The carbohydrate fraction, which includes neutral
detergent fiber (NDF) and non-fiber carbohydrate (NFC),
comprises approximately 70% of diets for lactating dairy
cows (DM basis). Meeting a minimum forage-NDF
guideline is important for providing sufficient physically-
effective NDF (peNDF) to support good rumen function,
while exceeding a maximum forage-NDF guideline may
restrict dry matter intake (DMI) through rumen fill
limitation. 

1Adapted from papers presented at 2012 Southwest
Nutrition Conference (Tempe, AZ) and 2012 Tri-State Dairy
Conference (Ft. Wayne, IN). 

When forages are limited and (or) relatively expensive the
diet formulations trend toward forage-NDF minimums,
while when forages are abundant and (or) are relatively
inexpensive the diet formulations trend toward forage-NDF
maximums. The Dairy NRC (2001) carbohydrate
guidelines reflect a positive relationship between dietary
forage-NDF and total NFC, such that the maximum total
NFC guideline is reduced for a 16%-forage-NDF diet
(38%) compared to a ≥19%-forage-NDF diet (44%; DM
basis). This can be accomplished by using a greater
proportion high NDF-low NFC byproduct feed ingredients
in reduced-forage-NDF diets, and a greater proportion of
low NDF-high NFC grains in higher-forage-NDF diets.

While diets containing 21% forage-NDF (DM basis; i.e.
50% dietary forage with an average NDF content of 42%)
are common in the field, depending on forage availability,
price and quality, diets can be found within a normal range
of 16% (i.e. 35% dietary forage with an average NDF
content of 46%) to 24% forage-NDF (i.e. 60% dietary
forage with and average NDF content of 40%). In addition
to these widely divergent dietary forage-NDF contents, the
dietary forage-NDF fraction can vary greatly in peNDF
depending largely on particle size and digestibility
depending largely on lignin content. Furthermore, the
dietary NFC fraction is not homogenous and is comprised
of varying proportions of starch, sugars, pectin and organic
acids, and also can vary in ruminal and (or) total tract
digestibility, at least in the case of starch, depending
largely on grain type and processing.

The optimum starch content of diets for lactating dairy
cows is not well defined, but 25% starch (DM basis) has
been suggested based on a review of published feeding
trials (Staples, 2007). Shaver (2010) reported on surveys of
high-producing commercial dairy herds performed in
Wisconsin and Michigan with dietary starch concentrations
averaging 27% and ranging from 25% to 30% in diets
containing 21% forage-NDF on average (DM basis).
Increased corn prices, however, have created much interest
in the potential for feeding reduced-starch diets.
Coincident with the interest in reduced-starch diets is a
renewed focus on increasing the digestibility of starch by
dairy cows. The topics of reduced-starch diets and starch
digestibility will be reviewed and discussed in this paper.

REDUCED-STARCH DIETS
Results from published short-term switchback experiments

Balancing Carbohydrate Sources for Dairy
Cows during a Period of High Corn Prices1

Matt Akins, Luiz Ferraretto, Shane Fredin, Pat Hoffman and Randy Shaver
Department of Dairy Science

University of Wisconsin - Madison
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suggest that reduced-starch diets are feasible for lactating
dairy cows (Shaver, 2010). Longer-term continuous
lactation feeding trials, however, are likely more
appropriate than short-term switchback trials for evaluating
the effect of reducing dietary starch content on feed
efficiency, BW change and income over feed cost (IOFC).
Lactation performance responses to reduced-starch diets
from five recent continuous lactation experiments will be
discussed herein. Four trials were from UW-Madison (UW;
Gencoglu et al., 2010; Ferraretto et al., 2011a,b; Akins et
al., 2012) and evaluated high NDF-low starch byproduct
feeds as partial corn grain replacers, while a trial from the
Ohio Agricultural Research and Development Center
(OARDC; Weiss et al., 2011) evaluated the partial
replacement of corn grain with corn silage. The forage-
NDF concentrations were 20%-21% across all diets with
5% to 10%-units less starch for reduced-starch (RS) than
normal-starch (NS) diets in the UW trials. For the OARDC
trial, forage-NDF concentrations were 23% and 26% for
the NS and RS diets, respectively, with 5%-units less
starch for RS than NS diets. Across the five trials, the
earliest and latest days in milk at trial initiation were 51
and 114 d, respectively, and treatment length ranged from
10 to 14 wk. Milk yield for cows fed the NS diet ranged
from 38 kg to 52 kg/cow/d across the four trials.

Dry matter intake was greater for RS than NS in 3 of 4
UW trials (unaffected by treatment in Akins et al., 2012),
but lower for RS than NS in the OARDC trial. Greater
DMI for RS than NS in the UW trials may be related to
reduced ruminal propionate concentration (Allen, 1997;
Beckman and Weiss, 2005) leading to increased meal size
and consequently greater DMI (Allen et al., 2009). Firkins
(1997) suggested that increased digestibility and passage
rate of byproduct NDF can allow for increased NDF intake
relative to forage NDF, which could explain the difference
in DMI response for RS between the UW trials and the
OARDC trial. In other words rumen fill likely limited DMI
in the OARDC trial (23% to 26% forage-NDF), but not in
the UW trials (20% to 21% forage-NDF), where metabolic
control of DMI appears to have been more likely (Allen et
al., 2009).

Actual milk yield was similar for cows fed RS and NS in 2
of 3 UW trials with soy hulls (SH; Gencoglu et al., 2010;
Ferraretto et al., 2011b), was lower (P < 0.01) for RS than
NS in the SH trial of Akins et al. (2012), and tended (P <
0.07) to be 4% lower for RS than NS in the UW trial with
whole cottonseed (WCS) and wheat middlings (WM;
Ferraretto et al., 2011a). Because WCS and WM are
moderate-protein ingredients, they partially replaced both
corn grain and soybean meal (SBM) in the RS diet. Greater
ruminal protein degradation for these ingredients compared
to SBM along with reduced rumen microbial protein
production for RS may have decreased metabolizable
protein flow, which could partially explain the decrease in
milk yield (NRC, 2001). Actual milk yield was lower (P <
0.05) for RS than NS in the OARDC trial and was

consistent with the DMI response in that trial. Responses
for milk yield corrected for concentrations of fat, protein
and lactose (solids-corrected milk; SCM) were inconsistent
for the UW trials with either greater (P < 0.03; Gencoglu et
al., 2010), trend for lower (P < 0.08; Ferraretto et al.,
2011b), or similar (P > 0.10; Ferraretto et al., 2011a; Akins
et al., 2012) SCM observed for RS compared to NS. The
SCM yield was lower (P < 0.05) for RS than NS in the
OARDC trial and was consistent with the actual milk yield
and DMI responses in that trial. Body weight gain was not
different for cows fed RS compared to cows fed NS across
the five trials. 

Feed efficiencies, across the five trials, were reduced for
RS compared to NS by 2% to 12% for Milk/DMI and by
1% to 11% for SCM/DMI. Reduced feed efficiency for
dairy cows fed RS diets creates an economic concern for
nutritionists desiring to use this formulation strategy to
reduce diet cost per unit of DM. Midwest USA December-
2011 market prices for feed ingredients and milk were
applied to ration composition, DMI and milk production
data from the four trials to estimate feed costs and IOFC.
Feed costs per unit DM were reduced in 4 of 5 trials by
1% to 6% for RS. Feed costs per cow per day for RS,
however, were increased for three trials by 1% to 8% and
decreased for two trials by 1% to 7%. Estimates of IOFC
were increased in one trial by 2% for RS, and decreased in
four trials by 2% to 7% for RS. 

Feed efficiency and IOFC results indicate that for high
producing cows in early to mid lactation, partially
replacing corn grain with NDF from either high-fiber
byproducts or corn silage to formulate RS diets was not
beneficial. Reduced market prices for high-fiber
byproducts relative to corn grain and soybean meal would
improve the economics of feeding RS compared to NS
diets. Use of higher quality corn silage with reduced NDF
content and (or) greater NDF digestibility when partially
replacing corn grain with corn silage in RS diets may
improve responses compared to the trial reviewed herein,
and further research is warranted. Furthermore, RS diets
formulated by partially replacing starch with fiber may
offer more potential for beneficial responses when fed to
lower producing, later lactation cows than evaluated in the
trials reviewed herein; potentially less concerns about
rumen fill limitations to DMI and milk yield when partially
replacing starch with forage NDF or reduced feed
efficiency when partially replacing starch with byproduct
NDF (Allen, 2008).

Based on the previous UW trial results with RS diets,
Akins et al. (2012) hypothesized that Rumensin® would
reduce DMI and thus improve milk production efficiency
more with RS than NS diets. One-hundred twenty eight
cows (90 ± 33 days in milk) were stratified by breed,
parity and days in milk, and randomly assigned to one of
16 pens with 8 cows each per pen in the UW-Madison
Emmons-Blaine Arlington free-stall barn. Pens were
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randomly assigned to 1 of 4 treatments in a 2 × 2 factorial
design (formulated dietary starch content (RS (21%) vs.
NS (27%)) and Rumensin® (0 g/ton (Control) vs. 18 g/ton
(Rumensin®)) inclusion as main effects) for a continuous
lactation trial. During the 4 week covariate period all cows
were fed the NS diet with 18 g/ton Rumensin® (NSR)
followed by a 12 week treatment period with cows fed
their assigned treatment diets of NSR, NS with 0g/ton
Rumensin®, RS with 0 g/ton Rumensin®, and RS with 18
g/ton Rumensin®. Diets were in a TMR mixed and fed
once daily. Inclusion of Rumensin® at 18 g/ton DM
improved lactation performance, specifically milk
production efficiency, on both RS and NS diets (Figure 1).
There were few significant interactions of starch and
Rumensin®, thereby supporting the use of Rumensin® in
both lactation diets tested in this study.

Broderick and Radloff (2004) partially replaced starch
from high-moisture shelled corn (HMC) with sugar from
either dried (Trial 1) or liquid (Trial 2) molasses. Dietary
starch and total sugar concentrations (DM basis) ranged
from 31.5% to 23.2% and 2.6% to 7.2%, respectively, in
Trial 1, and from 31.4% to 26.1% and 2.6% to 10.0% in
Trial 2. Cows averaged 128 and 85 DIM at trial initiation
for Trials 1 and 2, respectively, and were on treatment for 8
wk. The estimated overall optimum for total dietary sugar,
based on yields of fat and FCM in Trial 1 and yields of
milk and protein in Trial 2, was 5.0% (DM basis); feeding
diets with more than 6% total sugar with the added sugar
from molasses appeared to depress milk production.
Broderick et al. (2008) partially replaced corn starch with
sucrose. Dietary starch and total sugar concentrations (DM
basis) ranged from 28.2% to 21.5% and 2.7% to 10.0%,
respectively. Cows averaged 77 DIM at trial initiation, and
were on treatment for 8 wk. Milk yield was unaffected by
treatment, but milk fat yield was greatest for the diet
containing 7.1% total sugar and 24.5% starch (DM basis).
Alternatives for high-sugar ingredients include molasses,
whey, whey permeate, liquid feed supplements, and
sucrose. Evaluate prices of these ingredients (sugar)
relative the price of corn (starch) to determine appropriate
supplementation strategies.     

DIGESTIBILITY OF CORN GRAIN STARCH
The impact of the digestibility of corn grain starch on
lactation performance by dairy cows was reviewed by
Firkins et al. (2001). Greater starch digestibility increased
milk and protein yields. Research is limited, however, with
regard to the impact of increasing starch digestibility in RS
diets on lactation performance by dairy cows.
Three experiments evaluated the addition of exogenous
amylase to RS diets (Gencoglu et al., 2010; Ferraretto et
al., 2011b; Weiss et al., 2011). Gencoglu et al. (2010)
reported that fat-corrected milk (FCM), SCM and energy-
corrected milk (ECM) feed efficiencies (kg/kg DMI) were
12% to 13% greater for cows fed the RS diet with amylase
than for cows fed the RS diet without added amylase.
Amylase addition to RS diets tended (P < 0.09) to increase

the actual milk feed efficiency by 6% in the Ferraretto et
al. (2011b) trial, but was ineffective in the OARDC trial.
Across these three trials with RS diets and in the trial of
Klingerman et al. (2009) with NS diets, dietary addition of
exogenous amylase more consistently increased NDF
digestibility than starch digestibility. More research on
exogenous amylase addition to both NS and RS diets is
warranted.

Total tract digestibility of starch by dairy cows ranges
between 70% and 100% (Firkins et al., 2001) with a host
of factors that influence starch digestibility. These factors
include particle size (fine ground vs. coarse rolled), grain
processing (steam flaked vs. dry rolled), storage method
(dry vs. HMC), moisture content and duration of silo
fermentation for HMC, and type of corn endosperm
(Firkins et al., 2001; Hoffman et al., 2011; Nocek and
Tamminga, 1991).

Kernel vitreousness, the ratio of vitreous to floury
endosperm, has been used to assess type of corn
endosperm (Ngonyamo-Majee et al., 2008a, b). Increased
kernel vitreousness was related to reduced ruminal in situ
corn starch degradation (Correa et al., 2002; Ngonyamo-
Majee et al., 2008b). Kernel vitreousness was lower and
ruminal in situ starch degradation was greater for dry corn
with floury or opaque endosperm compared to normal dent
endosperm (Ngonyamo-Majee et al., 2008a, b). Taylor and
Allen (2005) reported greater ruminal and total tract starch
digestibilities in ruminally and duodenally cannulated
lactating dairy cows for floury (3% vitreousness) than
normal dent (67% vitreousness) endosperm dry corn. 
Highly vitreous corn types contain greater concentrations
of prolamin proteins than floury or opaque corn types
(Larson and Hoffman, 2008). Starch granules in the corn
endosperm are surrounded by hydrophobic prolamin
proteins which are slowly degraded (McAllister et al.,
1993). Lopes et al. (2009) conducted an experiment to
evaluate the effect of type of corn endosperm on nutrient
digestibility in lactating dairy cows using near-isogenic
variants of a normal dent endosperm hybrid carrying
floury-2 or opaque-2 alleles. The percentage vitreous
endosperm was zero for floury and opaque endosperm
corns and 64% for the vitreous corn. Prolamin protein
content of floury and opaque endosperm corns was 30% of
the content found in vitreous corn. Starch disappearance
after 8-hr ruminal in situ incubation was 32%-units on
average greater, respectively, for floury and opaque
endosperm corns than vitreous corn. Total-tract starch
digestibility was 6.3%-units, on average, greater for cows
fed diets containing floury and opaque endosperm corns
than vitreous corn.

Hoffman and Shaver (2009) developed a corn grain
evaluation system (UWFGES) for dairy cows where total-
tract starch digestibility, energy value, and relative grain
quality index are predicted from equations that include
starch content, mean particle size, prolamin protein
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content, and whether or not the corn is dry or HMC (>
22.5% moisture). This system as originally proposed,
however, does not account for effects of varying corn
maturities, moisture contents or extents of silo
fermentation. Hoffman et al. (2011) reported that ensiling
HMC for 240 d reduced zein protein subunits that cross-
link starch granules, and suggested that the starch-protein
matrix was degraded by proteolytic activity over an
extended ensiling period. This could explain reports of
greater ruminal in situ starch degradability for HMC with
greater moisture contents and duration of silo fermentation
(Benton et al., 2005). The Larson and Hoffman (2008)
turbidity assay determination of total zein protein content
did not detect a reduction in zein protein subunits over the
ensiling period for HMC as measured by high-performance
liquid chromatography (HPLC; Hoffman et al., 2011).
Ammonia content increased, however, as HPLC zein
protein subunits in HMC decreased (Hoffman et al., 2011),
and ammonia nitrogen has been suggested in combination
with mean particle size for modeling the effects of corn
maturity, moisture content and length of silage
fermentation time on ruminal and total-tract starch
digestibilities and rate of ruminal starch degradation for
HMC at feed out (Hoffman et al., 2012).
Effects of wide differences in corn grain vitreousness or
prolamin, i.e. flinty or vitreous corn versus floury or
opaque corn, on starch digestibility have been
demonstrated (Correa et al., 2002; Ngonyamo-Majee et al.,
2008a, b; Lopes et al., 2009; Taylor and Allen, 2005).
However, incorporation of these corn endosperm properties
into corn breeding or hybrid selection programs for dairy
cattle feed has been, and continues to be, slow to evolve.
Until the recent extended period of high corn prices there
had not been much interest in increasing starch
digestibility by exploiting corn’s genetic traits. Recent
interest in feeding RS diets, however, has spawned a much
greater interest in this area. Furthermore, the potential for
reduced vitreousness or prolamin corn to reduce the cost
and management of corn processing methods and quality
control and HMC maturity, moisture content and duration
of fermentation is of interest to some in the industry; more
research is needed, however, to better evaluate these
potential interactions.

While interest has increased along with on-going research,
practical challenges to pursuing reduced vitreousness or
prolamin corn remain. The relative importance of kernel
vitreousness or prolamin appears to be as follows: dry corn
> HMC > corn silage. The normal co-mingling of dry corn
that occurs through grain elevators and feed industry
channels makes it very difficult to alter these parameters at
the feed manufacturer or farm level, and HMC and corn
silage comprise more of a niche market for the seed corn
industry. Incorporation of these parameters into routine
corn hybrid selection programs requires NIRS calibrations,
which are not available on an industry-wide basis at this
point. The potential for pollen drift (Thomison, 2002) to
compromise small replicated field plot hybrid evaluations

for endosperm properties warrants more scrutiny. Nitrogen
fertility can influence the prolamin content of corn grain
(Masoero et. al, 2011; Tsai et al., 1978), which could
confound comparisons of field plot evaluations for this
parameter across locations or companies. Important
agronomic traits, such as yield and starch content, will also
need to be evaluated relative to hybrid differences for
vitreousness or prolamin. Much translational research is
still needed for progress to be made in this area.
CORN SILAGE FERMENTATION AND STARCH
DIGESTIBILITY

Newbold et al. (2006) reported that ruminal in situ starch
and crude protein degradabilities increased for corn silage
as the length of silage storage time increased. Increased
corn silage in vitro starch digestibility with greater length
of silage storage time was reported by Hallada et al. (2008)
and Der Bedrosian et al. (2010). Young et al. (2011)
reported that the addition of protease enzymes and greater
length of the ensiling period increased ammonia nitrogen
content and ruminal in vitro starch digestibility of corn
silage. The DairyOne (Ithaca, NY) on-line data base
(http://www.dairyone.com/) reveals that for over 12,000
corn silage samples analyzed from May-2000 through
April-2011, ammonia nitrogen averaged 7.1% of total
nitrogen with a normal range from 3.0 to 11.1%. In our
analysis of a dataset provided by Dairyland Labs (Arcadia,
WI) with over 1,900 corn silage samples, ammonia
nitrogen averaged 5.7% of total nitrogen with a normal
range from 2.7 to 10.7%. Additionally, in our analysis of a
dataset provided by Cumberland Valley Analytical Services
(Maugansville, MD) with about 44,000 corn silage samples
from May-2007 through February-2012, ammonia nitrogen
averaged 9.6% of total nitrogen with a normal range from
7.8 to 11.4%. Corn silage DM content explained almost
none of the ammonia nitrogen variation in either dataset,
which may not be too surprising since length of silage
fermentation prior to on-farm sampling was unknown and
could have ranged from less than a few weeks to over a
year in storage. Research is needed to determine the
effectiveness of ammonia nitrogen content in combination
with some measure of particle size, possibly processing
score (Ferreira and Mertens, 2005), for predicting corn
silage starch digestibility parameters.
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Figure 1.  Milk/DMI efficiency (lb/lb) of lactating dairy
cows fed diets with and without Rumensin and
different levels of starch.  RSC = reduced starch diet
without Rumensin; RSR = reduced starch diet with
Rumensin; NSC = normal starch diet without
Rumensin; NSR = normal starch diet with Rumensin.
Starch x Rumensin, P = 0.08; SEM = 0.3. 

Figure 1. Milk/DMI efficiency (lb/lb) of lactating dairy cows fed diets with and without
Rumensin and different levels of starch. RSC = reduced starch diet without Rumensin; RSR =
reduced starch diet with Rumensin; NSC = normal starch diet without Rumensin; NSR = normal
starch diet with Rumensin. Starch x Rumensin, P = 0.08; SEM =
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Summary
Concentration and ruminal digestibility of starch in
rations of lactating cows has important effects on
productivity.  Starch is more digestible and less filling
than forage fiber and provides more glucose precursors
than fiber from any source.  Ruminal fermentability of
starch is affected by grain and endosperm type,
processing and conservation method, and diet and
animal factors, and affects production of fermentation
acids and microbial protein in the rumen.  Excessive
ruminal fermentability can decrease fiber digestibility,
efficiency of microbial protein production, and alter
ruminal biohydrogenation, decreasing synthesis of milk
fat and increasing energy partitioned to body condition
at the expense of milk. 

The concentration and ruminal fermentability of starch
affects feed intake, and energy partitioning of cows
differently as they progress through lactation.  High-
producing cows in early to mid-lactation thrive on high-
starch rations with highly fermentable starch sources
while starch concentration and fermentability should
decrease as lactation progresses to maintain yield of
milk fat and prevent excessive body condition.  Highly
fermentable starch sources should be limited in rations
for the first two weeks following parturition to avoid
further depression in feed intake, and decrease risk of
ruminal acidosis and displaced abomasum.  Grouping
cows by physiological state (fresh, early to mid,
maintenance) is required to formulate diets for starch to
optimize health and production.

Introduction
Starch is a highly digestible and energy dense feed
component that typically ranges from less than 20% to
greater than 28% in rations fed to lactating dairy cows.
Forages are supplemented with cereal grains to increase
energy density, provide glucose precursors, and decrease
the filling effects of rations.  Starch is composed of
polymers of glucose (amylose and amylopectin) with
bonds that are readily cleaved by mammalian enzymes.
However, starch is packaged in granules that are
embedded in a protein matrix in the seed endosperm,
which varies in solubility and resistance to digestion
(Kotarski et al., 1992).  These differences in endosperm
type have great effects on ruminal fermentability of
starch, which ranges widely; ruminal fermentability of
starch from various cereal grains ranges from less than

30% to more than 90% (Nocek and Tamminga, 1991;
Firkins et al., 2001).  Altering the concentration and
ruminal fermentability of starch in rations affects
digestibility of starch (Ngonyamo-Majee et al., 2008),
ruminal pH and fiber digestibility (Firkins et al., 2001),
and the type, amount, and temporal absorption of fuels
(e.g. acetate, propionate, lactate, glucose) available to
the cow (Allen, 2000).  This has great effects on
lactational performance by affecting energy intake and
partitioning as well as absorbed protein (Allen et al.,
2009).  In addition, effects on animal performance
depend upon physiological state of cows, which varies
greatly through lactation (Allen et al., 2005).  Therefore
the optimum concentration and ruminal fermentability
of starch in rations of lactating cows vary through
lactation.  The objective of this paper is to discuss what
determines site of digestion and total tract digestibility
of starch, effects of concentration and ruminal
fermentability of starch on animal performance, and
considerations related to starch for formulating diets for
lactating dairy cows.   

Starch Fermentability
Ruminal fermentability of starch is highly variable and
affected by grain type, vitreousness, processing (e.g.
rolling, grinding, steam flaking), conservation method
(dry or ensiled), ration composition, and animal
characteristics.  Starch in wheat, barley and oats is
generally more readily fermented than starch in corn,
and starch in sorghum is most resistant to fermentation
in the rumen and digestion by the animal (Huntington,
1997).  These differences are largely because of
differences in endosperm type rather than differences in
starch composition (amylose vs. amylopectin) per se.
Floury endosperm contains proteins that are readily
solubilized, allowing greater access of enzymes to starch
granules while vitreous endosperm contains prolamin
proteins that are insoluble and resistant to digestion,
decreasing access of enzymes to starch granules
(Hoffman and Shaver, 2010).  Starch sources vary in
amount and proportion of the two types of endosperm
and there is large variation in vitreousness of the
endosperm (percent of the total endosperm that is
vitreous) among varieties within certain grain types.
Endosperm vitreousness in corn harvested dry ranges
from 0% to greater than 75% and corn with more
vitreous endosperm is more resistant to both particle
size reduction by grinding and digestion (Hoffman et
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al., 2010) than corn with more-floury endosperm.
Vitreousness increases with increasing maturity at
harvest (Phillipeau and Michalet-Doreau, 1997), so
differences among corn hybrids are greatest when field
dried.  Because corn silage is harvested earlier than high
moisture corn, the grain will have less vitreous
endosperm and more moisture when harvested from the
same field as whole plant silage compared with high-
moisture corn.  However, there can be large differences
in vitreousness within corn silage harvested between
30% and 40% dry matter and within high moisture corn
harvested between 60% and 75% dry matter (40 and
25% moisture) from the same field.  

When grains are ensiled, ruminal fermentability of
starch can be greatly affected by both grain moisture
concentration and storage time.  This is because ensiling
solubilizes endosperm proteins over time, increasing
starch fermentability.  The increase in protein solubility
and starch fermentability over time is greatest for grains
with higher moisture concentration (Figure 1; Allen et
al., 2003).  Therefore, the change is greatest for wetter
corn silage and least for drier, high-moisture corn.  This
change is greatest over the first few months of ensiling
and must be anticipated and accounted for when
formulating rations.  Because of this, it is recommended
to wait several months after ensiling before feeding corn
silage (Allen, 1998).  However, the change continues for
months at a slower rate and corn silage and high
moisture corn stored for long periods (one or two years
or more) can be difficult to feed in high concentrations
because it is so readily fermented.  

Processing increases rate of starch digestion and the
effects are greater for grains with more vitreous
endosperm such as sorghum and corn (Huntington,
1997).   Access of enzymes to starch granules is
increased by steam flaking, which causes swelling and
disruption of kernel structure, and reducing particle size
by rolling or grinding whole grains, or processing silage
to crush kernels, which greatly increases surface area.
Dry grains can be finely ground, greatly decreasing
effects of endosperm vitreousness on ruminal
fermentability.  Processing (rolling) corn silage is not as
effective at increasing surface area as fine grinding;
processing can reduce, but not eliminate, differences in
digestibility of sources varying in vitreousness.      

Measuring Starch Concentration and Fermentability
Starch concentration is relatively consistent within
cereal grain types but varies greatly within forages
containing starch such as corn silage and small grain
silages.  Therefore, book values for starch concentration
may be acceptable for cereal grains but starch
concentration must be measured for forages from grain
crops.  For instance, the starch concentration of corn
silage varies from less than 20 to over 50% of DM
depending upon grain concentration, which, in turn is

dependent upon genetics, environment and maturity at
harvest.  The starch concentration of corn silage is
inversely related to concentration of NDF; fibrous
stover fraction of the plant is enriched if  kernels don’t
fill.

The non-fiber carbohydrate (NFC) concentration of
diets should not be relied upon as a measure of starch
concentration.  The NFC fraction is calculated by
subtracting measured components (NDF, CP, ether
extract, ash) from total DM.  It contains other
carbohydrates such as sugars and pectin and can be
underestimated to the extent that non-protein nitrogen
is present.  While starch, sugars and pectin are generally
highly digestible, their effects on rumen microbial
populations and fuels available to the animal differ
greatly.  Starch that is ruminally-fermented increases
propionate production in the rumen (Sutton et al.,
2003) and starch that escapes ruminal fermentation
provides glucose that is absorbed or metabolized to
lactate in the small intestine (Reynolds et al., 2003).
Sugars are nearly completely fermented in the rumen
and generally increase butyrate production (Oba, 2011).
Most strains of pectin-degrading rumen bacteria
produce acetic and formic acids and relatively little
propionic acid (Dehority, 1969).  Propionic and lactic
acids are glucose precursors while formic, acetic, and
butyric acids are not.  In addition, propionate can
decrease feed intake under some conditions (Allen,
2000) and starch, sugars, and pectin have different
effects on microbial populations in the rumen that can
affect fiber digestion and ruminal biohydrogenation of
fatty acids.  Therefore, NFC is not a useful proxy for
starch when formulating rations for lactating cows.  

Table 1. Effects of dietary treatment on passage rate
(kp) of starch from the rumen1.
1Determined by dividing duodenal flux (g/h) by rumen
pool size (g) and multiplying by 100.

Experiment Treatment kp, %/h P value
Oba and Allen, 2000b bm3 corn silage 12.9 0.02

control corn silage 10.6
29% diet NDF 14.5 <0.0001
38% diet NDF 9.0

Oba and Allen, 2003a high-moisture corn 15.4 0.07
dry ground corn 19.7

Voelker and Allen, 2003bhigh-moisture corn 15.9 0.01
24% beet pulp 23.5

Ying and Allen, 2005 high-moisture corn 7.1 <0.0001
dry ground corn 16.3

vitreous endosperm 16.0 <0.001
floury endosperm 7.5

Taylor and Allen, 2005 vitreous endosperm 21.2 0.10
floury endosperm 16.2

Allen et al., 2008 vitreous endosperm 25.7 <0.001
floury endosperm 16.0

Relative differences in rate of starch digestion can be
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determined by in vitro starch digestion (IVSD) with
ruminal microbes.  This can be done by incubating
samples over time in rumen fluid with buffered media
and evaluating the rate of starch disappearance or, less
costly and equally informative, by evaluating starch
disappearance over a period of time (e.g. 7 hours).  We
began using a 7-h incubation time over 20 years ago
when our objective was to predict in vivo ruminal
digestibility of starch because we thought it was a
reasonable mean residence time of starch in rumens of
lactating cows.  However, we subsequently realized that
was naïve because ruminal digestibility of starch in vivo
is highly affected by the enzyme activity of the rumen
fluid and particle size of the starch source, and that
residence time of starch in the rumen is extremely
variable, not only across cows, but also across sources of
starch (Table 1).  We continue to use IVSD with a 7 h
retention time because we think it provides useful
information about relative rates of fermentation among
starch sources.  However, it is very important to know
that 7-h IVSD is a relative measure of rate of starch
digestion among sources only.  Samples must be ground
before analysis, which removes important variation for
many comparisons (e.g. processed vs. unprocessed corn
silage).  Comparisons must be done in the same in vitro
run (at the same time) because IVSD of the same
sources is highly variable across runs.  This is because
enzyme activities (amylases and proteases) of rumen
fluid are highly variable from cow to cow, time relative
to feeding, and diet consumed.  In our laboratory, the
coefficient of variation for 7-h IVSD across runs can be
as high as 25% even after attempting to minimize
variation by taking rumen fluid from several cows fed a
specific diet at the same time of day relative to feeding.
This is much higher than our coefficient of variation for
30-h in vitro NDF digestibility of less than 3%.

Because starch digestion is inhibited by insoluble
proteins in the endosperm, the solubility of protein has
been measured as an indicator of relative differences in
starch digestibility.  Like IVSD, determination of
protein solubility requires grinding samples, removing
variation among sources.  Because it is a chemical
rather than biological measure, it is less variable across
runs than IVSD.  Accuracy of ruminal starch
digestibility prediction from protein solubility is limited
by the relationship between protein solubility and rate
of starch digestion as well as limited knowledge of
passage rate of starch from the rumen.  Therefore, like
IVSD, measures of protein solubility provide some
information related to ruminal starch digestion but
cannot be used to measure ruminal starch digestibility
accurately.

Prediction by models
Although measurement of digestion rate of feed
fractions in vitro and in situ can provide relevant
information regarding relative differences among feeds,

absolute, not relative, values are required by models to
predict ruminal digestibility.  Therefore, despite their
promise, ration formulation models that include rumen
sub-models such as CNCPS do not predict ruminal
starch digestibility accurately even if  in vitro rates of
starch digestion are used as inputs (Allen, 2011).
Accuracy and precision of prediction of ruminal starch
digestibility was poor for several models including CPM
and AMTS in a recent evaluation; AMTS and CPM
over-predicted ruminal starch digestibility for corn grain
by over 25 percentage units (~80% vs. 55%), leading the
authors to conclude that the model estimates were not
useful (Patton et al., 2012).  The primary factors
limiting accurate determinations of digestion rate in
vitro or in situ are 1) the inability to mimic the increase
in surface area and breakdown of particle size by
rumination, 2) variation in enzyme activity and ratio of
enzyme to substrate in the rumen over time, and 3) lack
of understanding and data on passage rates of starch.  

Rates of starch digestion determined in vitro are much
different than actual rates of digestion because feed
particles containing starch that are consumed by cows
are larger than what is required for in vitro analysis and
because enzyme activity in the rumen is extremely
variable depending upon diet, time since eating, and the
cow.  Grinding feeds is necessary to obtain uniform
samples for analysis in the laboratory but grinding
increases surface area accessible to microbes, increasing
rate of digestion compared to intact feeds in vivo.  On
the other hand, not grinding at all will underestimate
rate of digestion because feeds are crushed and ground
by chewing over time, before they pass from the rumen.
This is an unsolvable problem because simulation of the
effects of chewing over time of incubation in vitro or in
situ is infeasible.

The high variation in IVSD across runs prompted us to
evaluate the effect of rumen fluid sampled before and
after feeding on IVSD-7h which was 33% greater after
feeding compared to before feeding (41.2 vs. 30.9%, P <
0.01; Fickett and Allen, 2002).  Enzyme activity related
to starch fermentation is also increased with higher
starch diets; we reported that the fractional rate of
starch digestion determined in vivo with the pool and
flux method was greater for diets with higher starch
concentration and lower NDF from forage (Oba and
Allen, 2003a) or beet pulp (Voelker and Allen, 2003b).
Therefore, at least for starch, digestion is a second-order
process dependent upon both substrate and enzyme
activity. This is a problem for utilization of current data
with most existing models in which digestion is modeled
as a first-order process dependent on feed
characteristics only.

Passage rate of starch was greatly affected by particle
size, conservation method, and endosperm type for corn
(Table 1; Ying and Allen, 2005; Allen et al., 2008).
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However, little data exists for passage rates of starch
and how it is affected by diet and level of intake.
Because passage rate is as important as digestion rate
for determining ruminal starch digestibility, accurate
predictions by models that use digestion kinetics to
predict starch digestibility are not currently possible.  In
addition, models such as CNCPS that use digestion
rates for carbohydrate fractions but passage rates for
entire feeds result in even greater inaccuracies for
determination of ruminal starch digestion. 

Production Response
The filling effects and fermentability of rations are
affected by the concentration and ruminal
fermentability of starch and can affect DMI, nutrient
partitioning, microbial protein production, and total-
tract digestibility.  Increasing the starch concentration
of the ration offered to lactating cows from ~23 to
~34% (~24 to 16% forage NDF, respectively) resulted in
variable effects on DMI and FCM yield depending
upon the milk yield of cows (range in FCM: ~50 to
~130 lb/d); DMI response to the high-starch, low forage
NDF ration increased linearly with increasing milk
yield of cows throughout the range while FCM
response increased only for cows above ~90 lb/d of
FCM (Voelker and Allen, 2003a; Figure 2).  Response
for DMI was likely because the higher starch diet was
less filling (16% forage NDF) and rumen fill is a greater
limitation to feed intake as milk yield increases (Allen,
1996), while response for FCM likely depended upon
effects of the ration on digestibility and energy
partitioning among cows.  

The physiological state of animals determines the effects
of starch fermentability on DMI (Bradford and Allen,
2007) and production (Bradford and Allen, 2004)
responses.  High moisture corn compared to dry ground
corn had opposite effects on milk yield for cows
depending on initial milk yield, with no change for the
group overall; high moisture corn increased
concentration of milk fat and yield of FCM for cows
producing over ~90 lb/day but decreased both for cows
producing less than that amount (Bradford and Allen,
2004).  Effect of treatment on DMI was not related to
milk yield but was affected by physiological state of
cows; depression in DMI by the high moisture corn
compared with the dry corn treatment was related to
plasma insulin concentration and insulin response to a
glucose challenge (Bradford and Allen, 2007).  Feed
intake of cows with greater insulin concentration, and
lower insulin response to a glucose challenge, was
depressed to a greater extent by high moisture corn
compared with dry ground corn.  As lactation proceeds
and milk yield declines, feed intake is increasingly
dominated by metabolic signals. Highly fermentable
diets often decrease feed intake in mid to late lactation,
likely from stimulation of hepatic oxidation by
propionate (Allen et al., 2009). Reducing ruminal

fermentability of starch by substituting dry corn for
high moisture corn in rations often increases energy
intake and partitioning to milk for these cows. 

Energy partitioning between milk production and body
condition varies depending upon fuels available and as
physiological state changes throughout lactation.
Substitution of fiber for starch greatly alters fuels
available for intermediary processes and often results in
greater partitioning of energy to milk rather than body
condition.  Substitution of soyhulls for dry ground corn
up to 40% of diet DM increased milk fat percent
(linearly from 3.60 to 3.91%) and decreased body weight
gain (linearly from 1.02 to -0.14 kg/d) with no effect on
milk yield (~29 kg/d) and a slight decrease in DMI
(tendency, linearly from 23.8 to 22.7 kg/g, Ipharraguerre
et al., 2002).  We showed that beet pulp decreased BCS
without decreasing yields of milk or milk fat when
substituted for high-moisture corn up to 12% of diet
DM (Voelker and Allen, 2003a).  Furthermore, we
showed that a 69% forage diet (0% corn grain)
containing brown midrib corn silage increased energy
partitioned to milk, decreasing body weight gain while
numerically increasing FCM yield compared with a 40%
forage diet (29 % corn grain) containing control corn
silage (Oba and Allen, 2000a).  In contrast, DMI and
milk yield was reduced when the control corn silage,
which had ~20% lower in vitro NDF digestibility (46.5%
vs. 55.9) than the brown midrib corn silage, was fed in
the higher forage diets. 

As lactation proceeds, insulin concentration and
sensitivity of tissues increase and energy is increasingly
partitioned to body condition.  Intravenous glucose
infusion of up to 30% of net energy requirement
linearly increased plasma insulin, energy balance, body
weight and back fat thickness, without affecting DMI
or milk yield of mid-lactation cows (Al-Trad et al.,
2009).  An experiment conducted with cows in the last 2
months of lactation showed that substitution of beet
pulp for barley grain linearly decreased body condition
score and back fat thickness, maintained milk yield and
linearly increased milk fat yield and milk energy output
(Mahjoubi et al., 2009).  Decreased body condition
score and increased milk fat yield might have been
because of a linear decrease in plasma insulin
concentration which linearly increased plasma NEFA
concentration. 

High starch diets might result in greater insulin
concentration, partitioning energy to adipose at the
expense of milk, but they also often result in lower
ruminal pH resulting in milk fat depression from altered
biohydrogenation of polyunsaturated fatty acids in the
rumen reducing milk energy output.  While increased
energy retention as body condition might be because of
increased insulin as observed by Ipharraguerre et al.
(2002) and Mahjoubi et al., (2009), it might also be a
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result of altered gene expression in adipose tissue.
Harvatine et al. (2009) reported that CLA-induced milk
fat depression increased gene expression for enzymes
and regulators of fat synthesis in adipose tissue.  The
energy spared from the reduction in milk fat synthesis
was likely partitioned toward adipose tissue fat stores.
Reducing ration starch concentration by increasing fiber
from forages or non-forage fiber sources can maintain
milk yield while decreasing gain in body condition.

Increasing ruminal degradability of starch generally
increases microbial nitrogen flow to the duodenum but
excessive ruminal starch digestion might decrease
ruminal fiber digestibility, offsetting its effects (Firkins
et al., 2001).  In addition, starch sources with faster
rates of fermentation might decrease efficiency of
microbial protein production; microbial growth can be
uncoupled from OM fermentation under some
conditions (Russell and Cook, 1995).  Greater
concentration of starch in rations (32 vs. 21% of DM)
increased flow of microbial nitrogen from the rumen
with no effect on efficiency of microbial nitrogen
production in a study from our laboratory with
lactating cows (Oba and Allen, 2003b).  However,
although ruminal starch digestibility was increased by
high moisture corn compared with dry ground in that
experiment, high moisture corn decreased efficiency of
microbial nitrogen production compared with dry corn
and did not affect flow of microbial nitrogen from the
rumen.  While flow of microbial nitrogen was positively
related to true ruminal OM digestibility in that
experiment, it was negatively related to rate of starch
digestion across all cow period means.  Microbial
growth might be limited when rate of starch digestion is
very fast (Oba and Allen, 2003b).  Therefore, increasing
ruminal starch degradation by increasing starch
concentration of diets might improve flow of microbial
nitrogen to the duodenum to a greater extent than
increasing ruminal fermentability of starch. 

Formulating Rations for Starch
We know a great deal about what factors affect ruminal
digestibility of starch that can be routinely used for
ration formulation even if  we cannot accurately
measure rates of digestion and passage of starch.
Starch concentration and ruminal digestibility is so
variable across feeds that we can measure starch
concentration and use literature values for ruminal
digestibility for initial formulation which can be
adjusted using qualitative knowledge of factors that
affect ruminal starch digestibility discussed above.
Although we should strive to increase accuracy of
prediction over time, we are not able to accurately
predict animal responses to starch concentration and
fermentability because of the many interactions that
ultimately affect response such a stocking density,
effective fiber concentration, milk yield, physiological
state, etc.  However, ration formulation should be an

iterative process that includes cows in the loop;
evaluation of cow response will provide feedback to
optimize diets.  Cow responses include DMI; yields of
milk, fat, and protein; milk urea nitrogen; body
condition; manure consistency; ketones; etc.  Grains
that differ in ruminal starch fermentability, but have
high whole tract digestibility (e.g. high moisture corn
and ground dry corn), allow evaluation of optimal
ruminal starch digestibility without other confounding
effects (e.g. effects of changing forage NDF
concentration on feed intake) and diet starch
concentration can be reduced by substitution of a non-
forage fiber source, such as beet pulp, soyhulls, or corn
gluten feed, for grains. 

Group feeding complicates interpretation of responses
for DMI and milk yield.  Mean milk yield for the group
masks effects of diets because large changes in milk
yield of individual cows within the group might occur
with no change in milk yield for the group overall.  This
is most evident when all lactating cows (with great
differences in physiological state) are offered the same
diet.  Individual milk meters provide timely feedback
regarding response of individuals within the group and
are an important tool for diet formulation and
grouping. The same is true for individual DMI
response, but this is not feasible economically for group-
housed cows.  While that limits the usefulness of DMI
determination for the group, it is still a very useful
measurement, particularly in combination with milk
yield to provide important clues for the effects of the
diet change.  Evaluation of cow response requires more
attention by nutritionists and coordination with the
management teams on farms. The extent to which
nutritionists and the management team interact will
vary from farm-to-farm, but this is an important
determinant of the success of the nutrition program.
The following recommendations for ration starch
concentration and ruminal fermentability for cows as
they progress through lactation should be adjusted as
indicated by cow response.

Fresh cow ration (from parturition to 10 days to 3 weeks
following parturition)  
Fresh cows are in a lipolytic state, are at increased risk
for metabolic disorders, and feed intake is likely
controlled by oxidation of fuels in the liver (Allen et al.,
2009).  These cows require glucose precursors and
rations should contain higher starch concentrations to
the extent possible.  However, they also have lower
rumen digesta mass, which increases risk for ruminal
acidosis and displaced abomasum.  Highly fermentable
starch sources increase fermentation acid production
including propionate, which can stimulate oxidation of
fuels in the liver, suppressing feed intake (Allen et al.,
2009).  Therefore, highly fermentable starch sources
should be limited during this period which lasts up to
two weeks for most cows but even longer for cows with
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excessive body condition at parturition.  Highly
fermentable starch sources such as wheat, barley, low-
density steam-flaked corn, and aged (greater than 1 year
old) high moisture corn and corn silage, should be
limited to allow greater starch concentrations (and
glucose precursors) with less risk of acidosis or
displaced abomasum.  Supplementing corn silage based
diets with dry ground corn works well for this ration
with a total starch concentration of 22 to 25% (DM
basis).  Because feed intake is less limited by ruminal
distention during this period, and greater rumen digesta
mass is desirable, forage NDF concentration should be
greater than 23% and use of non-forage fiber sources
should be limited to diluting starch concentration, if
necessary.  Starch concentrations must be decreased
when feeding highly fermentable starch sources.

Early to mid-lactation ration
Cows in early to mid-lactation have high glucose
requirement for milk production and partition relatively
little energy to body reserves.  They respond well to
rations with lower forage NDF concentration (low fill)
and highly fermentable starch.  Starch concentration of
rations should be in the range of 25 to 30% (DM basis)
although the optimum concentration is dependent upon
competition for bunk space, forage/effective NDF
concentration, and starch fermentability.  Higher starch,
lower fill rations generally increase peak milk yield and
decrease loss of body condition in early lactation.
However, once cows replenish body condition lost in
early lactation, they should be switched to a
maintenance diet with lower starch concentration and
ruminal fermentability.

Maintenance ration (> 150 DIM and BCS of 3)
The maintenance ration is the key component of a
ration formulation/ grouping system to increase health
and production of cows.  The goal of the maintenance
ration is to maintain milk yield and body condition
through the rest of lactation.  Cows should be offered
the maintenance ration when they are regaining BCS
and reach a BCS of 3.  If  they continue receiving a high
starch diet, BCS will continue to increase and they will
be at increased risk for metabolic disease following
parturition.  Evidence presented above suggests that
they are gaining condition because they are being fed
rations with greater starch concentrations needed for
their current requirement for milk production,
increasing plasma glucose and insulin concentrations.
Lowering ration starch concentration should limit body
condition gain while maintaining and possibly
improving feed intake and yields of milk and milk fat.
The optimal concentration of starch is dependent upon
the milk yield of the herd and physical groups possible
but will likely be in the range of 18 to 22% (DM basis).
Starch sources that are high fermentable (high-moisture
corn, bakery waste, aged corn silage, etc.) should be
avoided.  Dried ground corn is an excellent starch

source because it has lower ruminal digestibility (~60%)
but high total tract digestibility (< 90%).  The starch
concentration of the maintenance ration should contain
adequate, but not excessive forage NDF concentration
to maintain DMI, and non-forage fiber sources (beet
pulp, corn gluten feed, soyhulls, etc.) can be used to
dilute starch to the target concentration.  Monitoring
BCS at dry-off  is essential to adjust the starch
concentration of the maintenance diet over time.  

Conclusions
Concentration and ruminal fermentability of starch are
highly variable among rations fed to lactating cows and
have great effects on feed intake, energy partitioning,
milk production, and health.  The optimal starch
concentration and starch source in rations varies by
physiological state of cows, which changes through
lactation.  Cows should be fed different rations through
lactation to maximize use of existing knowledge
regarding starch nutrition. 
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Introduction
Dairy farmers might be over-feeding a large
proportion of lactating cows when they feed the same
ration to a large group of animals. Diets are normally
formulated to provide enough nutrients to the most
productive animals, which in turn gives extra
nutrients to the less productive animals. Therefore,
splitting lactating cows in smaller groups and
offering group-specific feeding rations provides more
precise nutrient requirements, increases herd’s
income over feed cost, and decreases nutrient
excretion to the environment. Depending on the farm
facilities and extra management costs, considering
additional grouping for feeding purposes could be a
profitable decision in modern dairy farming.    

Strategies for Grouping Lactating Cows
The decision to increase the number of groups within
a farm, formulate more rations, and offer group-
specific diets will depend on the individual cow’s
nutrient requirement expressed as Mcal/kg of Dry
Matter (DM) and % of CP of DM (McGilliard et al.,
1983), the number of lactating animals, and the farm’s
capacity of handle several feeding groups.

Individual Cow Nutrient Requirements and Dry
Matter Intake
Following are some principles and equations that are used
to calculate nutrient requirements of lactating dairy cattle. 

Net Energy (NE)
Total NE (NEtotal) of a lactating cow is the sum of the
NE required for maintenance (NEmaintenance) and the
NE required for milk production (NEmilk):

NEtotal (Mcal) =  NEmaintenance + NEmilk [1]

The NEmaintenance is a function of animal’s body
weight (BW in kg), NRC (2001):

NEmaintenance (Mcal) = 0.079 x BW0.75 [2]

The NEmilk depends on the cow’s milk (kg) and fat
production, NRC (2001): 

NEmilk (Mcal) = Milk x (0.36 + 0.0969 * (Fat %)) [3]
then, the NE per kg of dry matter (DM) is the
estimated NEtotal cow’s with respect to the cow’s dry
matter intake (DMI):
NE (Mcal/kg DM) = NEtotal /DMI [4]

Crude Protein (CP) 
Total CP (CPtotal) is also the sum of the CP required
for maintenance (CPmaintenance) and the CP required
for milk production (CPmilk):

CPtotal (g) =  CPmaintenance + CPmilk [5]

The CPmaintenance is a function of animal’s BW,
McGilliard et al. (1983):

CPmaintenance (g) = 104.78+0.73 x BW - 0.00015432 x
BW2 [6]

The CPmilk depends on the cow’s milk (kg) and fat
production, McGilliard et al. (1983): 

CPmilk (g) = Milk x (4586 + 1036 * (Fat %))/100 [7]

then, the % CP per kg of DM is calculated using the
estimated cow’s DMI:

% CP = (CPtotal /1000) /DMI [8]

Body Weight (BW)
Individual cow’s BW could be either measured or
estimated. If estimated, individual cow BW could be
expressed as a function of cow’s parity, days after
calving (DIM), and an average BW of cohorts by
parity using the Korver function (Korver et al., 1985)
fitted to the NRC (2001) BW function (Figure 1).
Figure 1. Estimated cow’s body weight (BW, kg) by
days after calving (DIM) for an average cow with 500
kg BW in first parity and 600 kg BW in later parities.
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Dry Matter Intake (DMI)
Dry matter intake could be calculated as a function of
DIM, BW, and 4% fat corrected milk (FCM) according
to NRC (2001):

DMI = (0.372 x 4% FCM + 0.0968 x BW0.75) x (1 – e (-
0.192 x ((DIM/7)+3.67)) [9]

where 4% FCM is a function of the milk fat content
with respect to the corrected fat level (4%), NRC
(2001):

4% FCM = 0.4 x Milk + 15 x (Fat %/100) x Milk [10] 

Nutrient Requirements for a Group of Cows 
A lead factor (multiplicative factor) based on the 83rd

percentile method (Stallings and McGilliard, 1984) to
adjust nutrient requirements to the 83rd percentile
(mean plus one standard deviation) could be used to
formulate NE and CP requirements for a particular
group of lactating cows. 

NEgroup (Mcal/kg DM) = 83rd Percentile
(NEgroup_cows) [11] 

CPgroup (% DM) = 83rd Percentile (CPgroup_cows) [12] 

Maximum Number of Groups of Lactating Cows 
The maximum number of groups of cows fed
different rations will be dictated by the dairy farm
facilities and management. Nonetheless, it seems that
there would be little gain for feeding more than 4
different diets (McGilliard et al.,1983; St. Pierre and
Thraen, 1999). The decision could then be confined to
manage 2, 3, or 4 lactating cow groups for feeding
purposes, in addition to the no grouping option,
which formulates one ration for all lactating cows.

Criteria for Grouping Lactating Cows for Feeding
Purposes
Although there are several different criteria to
formulate diets and to group cows for feeding
purposes, 4 criteria are believed to be the critical
(McGilliard et al., 1983): 1) days after calving (DIM),
2) fat corrected milk (FCM), 3) dairy merit (FCM and
BW), and 4) cluster (combined NE and CP
requirements). 

Days after calving (DIM)
This criterion consists simply on grouping cows
according to their stage of lactation (e.g., early, mid,
and late lactation animals). This is popular among
farmers as it is easy to manage, coincides or help
with other management practices (i.e., reproductive
management), and seems intuitive as cows in similar
lactation stages would have similar nutrient
requirements.

Fat corrected milk (FCM)
This criterion prescribes that cows should be grouped
based on their level of production measured as FCM
(i.e., 4% FCM). This is also popular among dairy
producers. It seems reasonable and logic to assume
that cows with similar productivity should have
similar nutrient requirements and should belong to
the same group and feeding ration. 

Dairy merit 
Dairy merit by definition (McGilliard et al., 1983) is a
function of both the level of production and BW. It is
defined as FCM/BW0.75. This criterion might
outperform DIM and FCM criteria (McGilliard et al.,
1983).

Cluster
Cluster criterion that is a function of NE and CP
requirements seems to be the most efficient method
for grouping cows (McGilliard et al., 1983; St-Pierre
and Thraen, 1999). This method consists of using
clusters of cows with similar requirements of NE and
CP within a feeding group. Cows are grouped
depending on the physical distance existing between
observations in a space defined by NE and CP
requirements as illustrated in Figure 2.

Figure 2. Illustration of estimated NE and CP
requirements on a 1,800-cow herd. Six hundred cows
(circles) belong to a first feeding group, 600 hundred
cows (squares) belong to  second feeding group, and
600 hundred cows (triangles) belong to third feeding
group. 

Optimize the Cows Belonging to a Group to
Maximize the Income over Feed Cost (Max IOFC)

Price NE and CP
The price of NE ($/Mcal) and CP ($/kg) can be
deducted by using referee feeds such as corn and
soybean meal (SBM). This calculation could be done
collecting information on the NE (Mcal/kg), CP (%),
and price ($/kg) of corn and SBM and solving
Equations 13 and 14 simultaneously:
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Corn % CP + Corn Mcal NE = $/kg Corn Price [13]

SBM % CP + SBM Mcal NE = $/kg SBM Price [14]

Cow Assignment to Feeding Groups
Cows belonging to particular groups could be found
by an iterative process of searching for a global
maximum IOFC when assigning cows to pre-defined
number and size groups on a farm. First, the possible
number of groups and the size of each group are
defined. Then, the aggregated cow-specific difference
between milk sales and feed costs (IOFC) is
repeatedly calculated until the Max IOFC is found:

Max (IOFC) = ΣGgroup=1(IOFC)group) [15]

where IOFCgroup = (Milkgroup) (Milk Price) – (FeedCostgroup),

FeedCostgroup = (83%tileCPgroup) (CPPrice)) +
)83%tileNElgroup) (NEl Price),

IOFC = Income over Feed Cost, and G = total number
of groups: 2, 3, or 4.     

Additional Costs and Benefits of Grouping Feeding
Strategies

Management costs
Increasing the number of feeding groups in a dairy
farm will likely add costs to the farm because of
additional labor needed to formulate, prepare, and
feed more rations. This cost should be estimated and
provided by the farmer because this is a highly farm-
specific figure.

Milk depression cost
Cows that are moved from one group to another
group and from one ration to another ration could
likely suffer milk depression for a period of time after
the movement happens. This milk depression might
occur because of social interaction adjustments or
because of receiving a lower nutritive diet due to the
re-grouping. 

Savings because additional grouping
Some costs might also be avoided when increasing
the number of feeding groups. An example is the
costs of feeding additives, which normally are
targeted for a specific group of cows (e.g., high
producing, early lactation cows). Therefore, having
additional feeding groups would save these costs for
other feeding groups.

Overall Net Return of Grouping Strategies for
Feeding
The overall Net Return could then be defined as the
economic difference of the maximum IOFC of the
optimal grouping criterion for the farm-defined

number of feeding groups with the optimal group
cow assignment plus savings because of grouping (if
any) minus farm-expected additional management
costs (if any) and minus farm-expected milk
depression because of grouping (if any), Equation 16.

Net Return = Max(IOFC) + Savings – Management –
Milk Depression [16]

Perform Analyses of Improved Grouping Strategies
The proposed methodology above discussed has been
implemented on an online tool in the Wisconsin
Dairy management Web page:

DairyMGT.info: Tools: Grouping Strategies for Feeding
Lactating Dairy Cattle.

This decision support system is freely and openly
available to anyone who would like to use it. After
login in the tool, the user follows an intuitive menu
that allows customizing the analysis to any particular
dairy herd system.

Figure 3. Screenshot of decision support system:
Grouping Strategies for Feeding Lactating Dairy Cattle
available at DairyMGT.info: Tools.

Get the farm data for the online tool
Farm time specific dataset should contain the
following minimum fields of information for each
lactating cow in the herd: 1) cow identification, 2)
parity, 3) days after calving (DIM), 4) milk
production, and 5) milk fat content. Optionally, for
greater precision, if available, cow’s BW could also be
used in the dataset. If cow’s BW is not available, an
average figure for primiparous and for multiparous
would suffice. In addition to this dataset, the user
needs to define either the price and the CP and NEL
content of corn and SBM or the value of CP ($/lb)
and NE ($/Mcal); the price of milk ($/cwt); and
farm-specific grouping strategies for feeding lactating
dairy cattle. Grouping strategies are discussed in
greater detail below.
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Grouping strategies for feeding in the
online tool

Lactating cows in a farm might or might not be
currently divided in groups for feeding purposes.
Whether they are grouped or not, the farm could or
could not have the ability to still increase the number
of feeding groups. More specifically:

1. If lactating cows are divided in groups
for feeding purposes and:

a. There is no capability for doing more
groups, then there are opportunities for
improving grouping decisions by any
or various factors listed below:

i. Select the right group criterion
ii. Adjust diets on each one of the
groups

iii. Optimize animals belonging to
each group

b. There is capability for doing more
groups, then there are opportunities for
improving grouping decisions by any
or various factors listed below:

i. Select the right number of groups
ii. Select the right group criterion
iii. Adjust diets on each one of the

groups
i.v Optimize animals belonging to

each group
2. If lactating cows are not divided in groups
for feeding purposes, but the farm has
capabilities of doing groups, there are
opportunities for improving grouping
decisions by any or various factors listed
below:

i. Select the right number of groups
(2, 3, or 4 groups)
ii. Select the right group criterion
iii. Adjust diets on each one of the

groups
iv. Optimize animals belonging to

each group

The online tool presents a decision tree diagram with
a set of questions to capture current farm situation,
which then is used to analyze possible grouping
strategies for feeding lactating dairy cattle.

Illustration of Grouping Strategies for Feeding
Lactating Dairy Cattle

Analyses from dairy farm records
Test records from a number of Wisconsin dairy farms
(n = 30) were collected and adjusted to datasets
consisting of cow identification, lactation, days in
milk, milk production, and milk butterfat. Each farm
was then analyzed using the online tool: Grouping
strategies for feeding lactating dairy cattle. 

The aim of this exercise was to demonstrate the value
of grouping compared to no grouping without
knowing studied farms’ actual feeding strategies.
Therefore, same procedure and assumptions were
followed on each analyzed farm: 

• Comparison of no grouping versus 3 same-
size groups

• Prices at $15.89/cwt milk, $0.14337/lb CP,
and $0.1174/Mcal NEl

• Body weight at 1,100 lb for primiparous and
1,300 lb for multiparous

• Requirements of CP and NEl at the 83rd

percentile level (mean + 1 SD)
• Cluster grouping criterion

Evaluations clearly and consistently demonstrated
that the income over feed cost (IOFC) in all analyzed
farms was greater for the strategy using 3 feeding
groups than the no groping strategy (Table 1).

Table 1. Comparison of income over feed cost (IOFC)
of no grouping versus 3 same-size feeding groups for
Wisconsin dairy farms assessed by the tool: Grouping
strategies for feeding lactating dairy cattle. 

Number of Additional
lactating 3 same IOFC
cows on size of doing
analyzed No feeding 3 same
farms grouping groups size feeding
(n = 30) IOFC IOFC groups

- - - - - -  $/cow per year - - - - - - 

Mean 788 2,311 2,707 396

Minimum <200 697 1,059 161

Maximum >1,000 2,967 3,285 580

The analysis indicated that farms could realize
between $161 and $580/cow per year (mean = $396)
of additional IOFC by switching from no grouping to
3 same-size feeding groups using the cluster criterion
for grouping. These values represented an increase of
between 7 and 52% of farm calculated IOFC. We can
conclude that grouping would have important
economic implications in farm profitability. 

However, performing grouping and feeding different
rations to the groups could have additional costs and
possible economic losses. After assuming reasonable
costs of management, labor, and machinery and
reasonable expected milk depression on those cows
affected by the grouping changes, the net return of
grouping was still much greater than the no groping
option: The additional IOFC estimated in Table 1
decreased only between 9 and 25% for these scenarios
and therefore 3 same-size feeding groups was still
much more profitable than the no grouping option. 
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Analyses with farmers input
Two commercial dairy farms in Wisconsin were
visited with the objective to discuss and demonstrate
grouping strategies on those farms. The analysis was
performed with latest farm records and farmer’s
input and decisions to customize the tool to their
own conditions, including prices, estimated body
weight, and current grouping feeding strategies.
Importantly, the farmer decided which potential
grouping strategies could be made on the farm. Brief
summaries of these visits are described below.

In the first farm the final strategy was to switch from
currently doing 3 feeding groups under the DIM
criterion to 4 groups under the cluster criterion. After
discounting estimated additional costs and potential
milk depression, results indicated that adding one
more feeding group and using the cluster criterion
would represent an additional net return of
$106/cow per year on this farm. 

In the second farm, a complete analysis was not
possible because the farm was already doing complex
grouping strategies beyond the capabilities of the
online tool. This farm had in place 4 feeding groups
resulting of the intersection of dividing lactating
cows by parity (first and later lactations) and by
pregnancy status (non-pregnant and pregnant).
Nonetheless, the farmer was interested in exploring
even more groups. The farm had the managerial and
physical capabilities to handle 4 more feeding groups
and the farmer was interested in predicting the
economic impacts of formulating 4 additional diets to
take full advantage of the 8 available pens in the
farm. Important in this farm was the fact of keeping
distinctive diets according to lactation and pregnancy
status. An undergoing follow up strategy for this
farm is then to analyze further splitting of current
groups by considering cow’s individual requirements
of energy and protein. 
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Take Home Message
1. The economic value of a feed rests in the value

of its nutrients.  In dairy, the economically
important nutrients are net energy lactation
(NEL), metabolizable protein (MP), effective
NDF (eNDF), and non-effective NDF (neNDF).  

2. Unit prices of the important nutrients can be
calculated using the composition and prices of
all feeds being traded in a given market.  This
method is available in a Windows-based
software.  Alternatively, estimates of unit prices
are being published on a monthly basis in a
national dairy magazine for all major dairy
regions.  

3. Forage composition for NEL, MP, eNDF and
neNDF can easily be determined using 11
compositional inputs and equations provided
in the appendix of this paper.  Using data from
our experimental research station, we do not
find a strong association between in vivo total
tract NDF digestibility and in vitro NDF
digestibility (NDFd).  At this point we are still
recommending the use of protein-free NDF and
lignin to estimate NDF digestibility.  

4. For most feeds, the economic value is
calculated as the simple sum of the values of
their nutrients.  With forages, however, one
must introduce a correction associated with
quality because forages are not entirely
substitutable.  Dairy cows exhibit a small, but
significant response in milk yield when high
quality forages are substituted for low quality
forage in otherwise equally balanced diets.  

5. The values of three levels of quality within
alfalfa and grass hay are calculated over the
period of January through March 2012.  In
alfalfa, nearly 65% of the total value is
associated with the NEL content, whereas in
grass NEL content accounts for nearly 75% of
forage values.  Of the 11 compositional inputs
required in the calculation of hay and silage
values, NDF, lignin and ash appear to have the
greatest importance.  

Introduction
What are feeds used for? Animals do not require
feeds; animals require nutrients.  Feeds are nothing

else than containers, packages of nutrients.  The sole
value of a feed is in the value of the nutrients that it
contains.  A feed containing no nutrient has no
economic value.  No economic value means that it is
worthless - ZERO.

What are the nutrients of economic value? The
answer to that question depends on two things.  First,
the nutrients of economic value are dependent on the
class of animals under consideration.  For example,
the nutrients of economic importance are not the
same for beef cattle, lactating dairy cows, dry cows,
and replacement animals.  Hence a given feed has a
different economic value to lactating dairy cows and
replacement heifers.

Second, the nutrients of economic value depend
whether one is interested in the strategic value of a
feed versus its tactical value.  This begs further
explanations.  A dairy producer feeding 50 lbs/day of
a finely chopped corn silage is looking for attributes
in purchased hay that are very specific to the narrow
conditions in which it is to be fed.  The value of a
given lot of hay to this producer would be entirely
tactical – i.e., determined by how well it fits as a
complement to other feed ingredients that are
essentially pre-determined.  On the other hand, a
dairy producer who considers all feed components of
his dairy rations to be exchangeable (tradable) would
look at a given lot of hay with a strategic view.  The
hay would no longer be looked at as a complement to
other pre-determined feeds, but as a component of
the whole diet.  To put it differently, tactical is when
you have painted yourself in a corner; strategic is
when you look at the floor configuration before you
start painting.

The economic values calculated in this paper are (1)
exclusively for lactating dairy cows, and (2) entirely
strategic.

Of the large set of nutrients required by dairy cows,
some have large economic values while others have
small economic values.  The calcium content of feeds
is a good example of a nutrient with a small
economic value.  Calcium can be supplemented very
inexpensively in any dairy diets.  This is not to say
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that calcium is not important to dairy cows or that
ration balancing should ignore calcium.  It just says
that the economics of feeding cows have little to do
with calcium.

We have extensively studied the major dairy feed
markets in the U.S. over a period of 30 years.  Across
all 3 major markets (Midwest, Northeast, West), two
sets of nutrients explain over 98% of the variation in
feed prices.  These are:

1. Net energy for lactation (NEL), rumen
degradable protein (RDP), digestible rumen
undegradable protein (dRUP), effective neutral
detergent fiber (eNDF), and non-effective
neutral detergent fiber (neNDF), or

2. NEL, metabolizable protein (MP), eNDF, and
neNDF.

The two sets are entirely interchangeable and give
very similar results.  The protein requirements of
dairy cows, however, are best expressed as
metabolizable protein.  Therefore, nutrient set #2 will
be exclusively used in the balance of this paper.

Unit Prices of Important Nutrients
Calculating nutrient unit prices.  Feed markets do
exist: there are people selling and buying feeds in all
major dairy regions.  But there is no market for
nutrients.  Or is there?  Can we calculate the implicit
nutrient prices from the market prices of feedstuffs?

The problem of determining the implicit price of
attributes (the nutrients) embedded in various
products (feedstuffs) is not at all unique to the
feed/nutrient complex.  Economists have found an
elegant way to solve this problem using a method
called hedonic pricing.  We will not review the details
of how this work in this paper.  Interested reader can
consult St-Pierre and Cobanov (2000) for further
details.  In short, prices and nutritional composition
of all ingredients traded in a given market are used to
back-calculate, using statistical methods, what the
markets are implicitly pricing the nutrients contained
in feeds.

Market prices of nutrients in the Midwest for the 86
months between January 2005 and March 2012 are
shown in Figure 1.  During this period, the cost per
unit of NEL has more than tripled, the cost per unit of
MP has doubled, while the cost per unit of eNDF has
surged in the first half of 2011.  The U.S. has
experienced drastic changes in renewable energy

policies during the last decade, some of which have
had a substantial effect on feed prices.  However,
large variation in nutrient unit prices are still evident
even over a much shorter period of time such as what
has occurred since January 2011 (Table 1).

What affects nutrient unit prices? Market prices of
all feeds affect nutrient unit prices, not just the prices
of corn, soybean meal and alfalfa hay.  Therefore,
nutrient unit prices change through time and
location.  We have already shown how nutrients can
quickly change through time in Table 1.  Because of
regional differences in feed prices and availability,
nutrient unit prices also show substantial regional
differences (Table 3).  In this paper we will be using
Midwest nutrient unit prices.  When examining the
effect of time, we will use January 2011 to March 2012
prices.

Where do I find the nutrient unit prices? You can
purchase a Windows-based software that we wrote
(Sesame) for $10 at www.sesamesoft.com.  Beware that
it is NOT the easiest software to use.  Alternatively,
we publish a regular column in Progressive Dairyman
where we publish the nutrient unit prices for the
major dairy regions of the U.S.

Forage Composition
Nutrient composition used in this paper. Each lot of
forage has a unique nutrient composition that affects
its value.  The nutrient composition of forages used
as examples in this paper are reported in Table 2.  We
used 3 levels of quality for legume hay and grass hay.

A few things are worth mentioning here.  First, notice
that the quality of alfalfa (and grass) has a much
smaller effect on its metabolizable protein than on its
crude protein.  Second, observe that in alfalfa the
non-fiber carbohydrates (NFC) contribute 2 times
more to its energy content (i.e., TDN) than the NDF.
In grass, the situation is reversed, with NDF
contributing significantly more to the energy content
than NFC.  Total tract NDF digestibility is greater in
grass (~47%) than in alfalfa (~39%) of equivalent
quality.

How are NEL and MP calculated? Equations used in
the calculation of NEL and MP according to NRC
(2001) are reported in the appendix.  Although these
equations may seem intimidating at first, they can
easily be programmed in a computer spreadsheet.
While 9 chemical entries are required for the
calculation of NEL only 5 measurements will have
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much effect on NEL in practice: DM, CP, NDF, lignin,
and ash.  Other entries can simply be taken from
standard feed composition tables.

The calculation of MP requires a measurement of CP,
rumen degradability of protein (RUP_CP), and post-
ruminal digestibility of RUP (RUPd).  Some feed
laboratories provide estimates of RUP_CP, but the
variation within a type of hay is relatively small and
largely inconsequential to the value of the forage.
Likewise, table values for RUPd should be used.

What NDF digestibility should be used? The ratio of
lignin to protein-free NDF is used to estimate in vivo
total tract NDF digestibility (TT-NDFd) in the
equation for TDN_NDF reported in the Appendix.
The 2/3 exponent is used to convert mass to surface
area, hence representing the decrease in NDF
digestibility due to the surface interaction (i.e.,
coating) of cell walls by lignin.  This conceptual
interaction is necessarily a simplification of the
complex anatomy and chemistry of plant cell walls.
Some have advocated the use of in vitro NDF
digestibility (NDFd) as a proxy for the calculated TT-
NDFd used when calculating TDN_NDF.  Although
this approach is appealing, much doubt remains
regarding the relationship between NDFd and TT-
NDFd.  For example, we have summarized the
relationship between TT-NDFd and NDFd for 23
diets where TT-NDFd was measured using total fecal
collection in trials conducted at our experimental
research station (Figure 2).  In this figure, it is
apparent that NDFd overestimates differences
between treatments and that the magnitude of the
difference in NDFd is not related to the magnitude of
the difference in TT-NDFd.  The ranking within
experiment was often OK with NDFd, raising the
possibility of using NDFd for energy calculation.  It is
clear, however, that NDFd cannot be directly
substituted for TT-NDFd when calculating the energy
of a feed.  Much work is needed in this area.
Meanwhile, we still recommend using the equation
with the ratio of lignin to protein-free NDF for
estimating the energy contribution of NDF.

Calculating the Value of a Forage
The value of the nutrients. So far, we have shown
that nutrient unit prices can be calculated from
market information from all feedstuffs traded in an
area.  We also explained how the nutrient
composition of forages for the economically
important nutrients are calculated.  Determining the
value of the nutrients in a given forage involves a

series of simple arithmetical operations.  These are
illustrated for the reference alfalfa in Table 4 using
the average price of nutrients for the Midwest from
January 2011 to March 2012.

Correcting for milk production response. For most
feeds, the sum of the values of the nutrients as
calculated in the preceding paragraph is its average
economic value; but not for forages.  While most
feeds are substitutable based on their nutrient
content, this is not entirely true for forages.  What
this means is that two rations balanced for exactly the
same nutrient density (NEL, MP, eNDF, neNDF) but
using forages of different quality do not result in
exactly the same milk production.  Cows fed the
ration based on a high quality forage respond to
forage quality with additional milk production
mainly through greater dry matter intake (DMI).
Note that this is not the same as the response to
feeding forages of different quality, but without any
ration re-balancing.  Here the rations are identical in
their nutritional content, but cows fed rations based
on higher quality forages achieve a greater level of
milk production.

We used results from many research trials to calculate
the response to forage quality.  Although one could
think of a better marker of quality than the total NDF
content of forage, the data did not allow the
calculation of anything more than NDF.  The
resulting equations used to calculate the value per
ton of forage due to milk production responses are:

Alfalfa: Value of Response ($/ton)  =  [(P-Milk x 0.273
x (44 – NDF)] x DM ÷ 100

Grass: Value of Response ($/ton)  =  [(P-Milk x 0.3 x
(53 – NDF)] x DM ÷ 100

where P-Milk is the price of milk ($/cwt).  It is
important to understand that this adjustment to the
value of forages means that forage values are
dependent on milk prices.  The difference in the
value of a high quality forage compared to that of a
low quality forage is much smaller when milk prices
are low (such as in 2009) then when milk prices are
high (as in 2011).

Effect of forage type and quality on the value of
forage in 2011. Table 5 summarizes the values of
alfalfa and grass hay for 3 levels of quality for the
period of January 2011 to March 2012.  On an
average, the range in values due to quality is greater
in grass ($124/ton) compared to alfalfa ($73/ton).
This could be due to the arbitrary range of quality
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selected for the two types of forages.  On an average,
alfalfa is worth $50/ton more than grass.  Compared
to alfalfa, grass hay shows a greater range in value
through time: $109 and $126/ton for alfalfa and
grass, respectively.  More importantly, the value of
forages changes considerably through time even over
a short time span.

Contribution to calculated values. The value of a
forage is the sum of the values of its important
nutrients plus the milk response associated with the
forage quality expressed as NDF content.  The
contribution of each nutrient to the value of a forage
is not the same.  Table 6 shows the average
contribution of NEL, MP, eNDF, neNDF, and milk
response for the 15 months since January 2011 for the
reference alfalfa and grass hays.  On an average,
energy (NEL) content accounts for nearly 65% of the
value of alfalfa hay and 75% of the value of grass hay.
Notice that the protein in alfalfa (20% crude protein)
is only worth $7/ton more than the protein in grass
(12% crude protein).  This is because most of the
protein in forage is rumen degradable (RDP), and the
unit value of RDP ($/lb) is generally null and often
even slightly negative (results not shown).  Producing
forages of greater protein content is of little value
unless the protein increase is associated with an
increase in the digestibility (energy) of the resulting
feeds.

In hay and most haycrop silages, most of the NDF is
effective, resulting in very small neNDF content
(Table 2).  Therefore, the contribution of neNDF to the
value of long hays could be entirely ignored without
meaningful losses in the accuracy of estimating their
economic values.

Marginal changes from compositional values. The 4
nutrients used to calculate the value of a forage are
calculated from 11 compositional entries.  We can
calculate the change in the value of our reference
alfalfa and grass hay from a one-unit change in each
of the 11 entries (Table 7).  One should be extremely
careful in the interpretation of these results.  First, a
one-unit change does not represent the same degree
of “difficulty” across all compositional elements.  For
example, it is considerably easier to raise the NDF of
grass by one unit than to raise its ether extracts also
by one unit.  Second, and even more importantly, it is
very difficult in nature to change a compositional
element by one unit without affecting any of the
other compositional elements.  For example, crude
protein in alfalfa is negatively associated with NDF

content.  On average, raising crude protein lowers the
NDF content (i.e., the plant is more immature).
Likewise, NDF and lignin content are positively
associated, meaning that an increase in NDF content
is generally associated with an increase in lignin
content.  Keeping these reservations in mind,
compositional elements can be loosely grouped into 3
categories. 

1. Those with a small effect on the value of hay:
RUP, RUPd and NDFe,

2. Those with a medium effect on the value of
hay: DM, CP, NDICP, and

3. Those with a large effect on the value of hay:
ADICP, ether extracts, NDF, lignin and ash.

Ether extracts and ADICP are relatively constant
within hay type compared to NDF, lignin and ash.
NRC (2001) reports standard deviations of 0.4
(ADICP), 0.5 (ether extracts), 0.9 (lignin), 1.0 (ash),
and 6.3 (NDF) percent.  Thus, NDF, lignin, and ash
are arguably the most influential compositional
entries to hay values.  Note that the net effect of NDF
on hay values incorporates its positive effect on
forage value from its positive contribution to eNDF,
and its negative effects on forage value from its
negative contribution to NEL and MP.

Concluding remarks
The values calculated in this paper are on a farm-gate
basis (i.e., delivered) and not FOB.  Therefore, forage
growers would have to account for delivery costs
when estimating the value of a given hay or silage.
In addition, the values calculated in this paper are
averages and represent what coherent buyers should
be willing to pay.  Coherent behavior is often an
elusive attribute in feed markets.  Some buyers
consistently shop for “supreme” quality alfalfa hay
because that’s what they have been using for years
without ever considering whether other quality levels
or even other types of feeds make more economic
sense.  A very thirsty man is much more willing to
pay an exorbitant price for a cold beer, especially if he
fails to consider the free water available from a
nearby fountain.
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Appendix

Equations used to calculate NEL (NE_3X, Mcal/lb) of forages:
TDN_NFC = 0.98 x (100 – NDF + NDICP – CP – EE – ASH)
TDN_NDF = 0.75 x (NDF – NDICP – LIG) x (1-(LIG/(NDF-NDICP))0.667)
TDN_CP = CP x exp(-1.2 x ADICP/CP)
TDN_EE = (EE – 1) x 2.25
TDN_1X = TDN_NFC  +  TDN_NDF  +  TDN_CP  +  TDN_EE  -  7
DE_1X = (TDN_NFC x 0.042) + (TDN_NDF x 0.042) + (TDN_CP x 0.056)

+ ((EE-1) x 0.094)  -  0.3
TDN_3X = TDN_1X  x  0.92
NE_3X = (0.6532 x DE_1X)  - 0.5064  
Equations used to calculate the metabolizable protein (MP, % of DM) of forages:
dRUP = CP  x  RUP_CP  x  RUPd  ÷  10000
dMTP = TDN_3X  x 1.3  x 0.64  ÷  10
MP = dRUP  +  dMTP
Equations used to calculate effective and non-effective NDF of forages:
eNDF = NDF  x  NDFe
neNDF = NDF  -  eNDF
where:
ADICP = ADF insoluble crude protein (% of DM)
ASH = Ash (% of DM)
CP = Crude protein (% of DM)
dRUP = Digestible RUP (% of DM)
dMTP = Digestible microbial true protein (% of DM)
EE = Ether extracts (% of DM)
eNDF = Effective NDF (% of DM)
exp = The exponential function (i.e., e exponent the value in parentheses)
LIG = Lignin (% of DM)
NDF = Neutral detergent fiber (% of DM)
NDFe = NDF effectiveness (% of NDF)
NDICP = NDF insoluble crude protein (% of DM)
NE_3X = Net energy for lactation measured a 3 times maintenance (Mcal/lb)
neNDF = Non-effective NDF (% of DM)
RUP_CP = Rumen undegradable protein (% of CP)
RUPd = Digestibility of RUP (% of RUP)
TDN_1X = Total digestible nutrients at 1 time maintenance (% of DM)
TDN_3X = Total digestible nutrients at 3 times maintenance (% of DM)
TDN_CP = TDN from the crude protein fraction (% of DM)
TDN_EE = TDN from the ether extracts fraction (% of DM)
TDN_NDF = TDN from the NDF fraction (% of DM)
TDN_NFC = TDN from the NFC fraction (% of DM).
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Table 1. Nutrient unit prices in the Midwest between January 2011 and March 2012.

Nutrients Average S.D. Min Max
NEL (¢/Mcal) 16.5 2.7 11.1 20.8
MP (¢/lb) 23.6 9.6 9.7 40.6
eNDF (¢/lb) 3.6 3.5 0.0 11.9
neNDF (¢/lb) -8.7 3.7 -13.5 -3.2

Table 2. Nutrient composition of the reference alfalfa hay, reference grass hay, and low and high quality hays used
as examples.

Alfalfa Grass
Nutrients1 Units Reference Low High Reference Low High
Dry matter % 88 88 88 88 88 88
Crude protein % 20 16 24 12 8 16
NDICP % 2.5 2.5 2.5 4.0 4.0 4.0
ADICP % 1.5 1.5 1.5 1.0 1.0 1.0
Ether extracts % 2.0 2.0 2.0 2.5 2.5 2.5
NDF % 40 44 36 60 68 52
ADF % 30 34 26 40 48 32
Lignin % 7.0 8.8 5.4 6.5 8.5 4.5
Ash % 10 10 10 7 7 7
RUP %CP 25 25 25 30 30 30
RUPd % RUP 70 70 70 65 65 65
Effective NDF % NDF 92 92 92 98 98 98

TDN from NFC % 29.9 29.9 29.9 22.1 18.1 26.0
TDN from NDF % 15.4 15.8 14.8 28.3 30.8 25.9
TDN from CP % 18.3 14.3 22.3 10.9 6.9 14.8
TDN from EE % 2.3 2.3 2.3 3.4 3.4 3.4
TDN at 3X % 54.0 50.7 57.1 52.9 47.9 57.9
NEL at 3X Mcal/cwt 57.6 51.5 63.5 53.0 44.6 61.5
MP at 3X % 7.99 7.02 8.95 6.73 5.55 7.94

———————————————- Units per Ton ———————————————
NEL Mcal 1014.2 906.7 1118.1 932.6 785.5 1082.3
MP lbs 140.7 123.5 157.6 118.6 97.6 139.7
eNDF lbs 647.7 712.4 582.9 1034.9 1172.9 896.9
neNDF lbs 56.3 62.0 50.7 21.1 23.9 18.3

1NDICP = NDF insoluble crude protein; ADICP = ADF insoluble crude protein; NDF = neutral detergent fiber; ADF
= acid detergent fiber; RUP = rumen undegradable protein; RUPd = RUP digestibility; TDN = total digestible
nutrients; NEL at 3X = net energy for lactation calculated at an intake of 3 times maintenance; MP at 3X =
metabolizable protein calculated at 3 times maintenance.
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Table 3.  Nutrient unit prices across 3 regions1, April, 2012.

Nutrients Northeast Midwest West
NEL (¢/Mcal) 20.8 15.2 18.4
MP (¢/lb) 18.8 27.2 20.4
eNDF (¢/lb) -3.3 -0.2 8.5
neNDF (¢/lb) -18.6 -7.1 -4.2
1 Northeast prices are for NY and northern PA; Midwest prices are for WI and eastern MN; West prices are for the
San Joaquin Valley of CA.

Table 4.  Calculation of the value of the nutrients in one ton of the reference alfalfa hay using average nutrient unit
prices from January 2011 through March 2012.

DM Mcal or Unit Prices Value
Composition % Pounds per

Ton ¢ $/ton
NEL (Mcal/cwt) 57.6 88 1014.2 16.5 167.34
MP (% DM) 7.99 88 140.7 23.6 33.20
eNDF (% DM) 36.8 88 647.7 3.6 23.31
neNDF (% DM) 3.2 88 56.3 -8.7 -4.90
Total 218.95

Table 5. Value ($/ton) of alfalfa and grass hay of 3 quality levels, Midwest, January 2011 to March 2012.

Feeds Average SD1 Min Max
Alfalfa - Reference 241 37 193 302

- Low 204 36 162 265
- High 277 38 223 338

Grass   - Reference 191 46 145 271
- Low 129 47 77 210
- High 253 47 197 332

1 SD = standard deviation.

Table 6. Average contribution of NEL, MP, eNDF, neNDF, and milk response to the value of our reference alfalfa
and grass hays between January 2011 and March 2012.

Alfalfa Grass
Component $/ton % of Total $/ton % of Total
NEL 154.55 64.0 141.75 73.7
MP 43.75 18.2 36.88 19.2
eNDF 30.44 12.6 48.64 25.3
neNDF -4.78 -2.0 -1.79   -0.9
Milk 17.29 7.2 -33.26 -17.3
Total 240.86 100.0 192.21 100.0
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Table 7. Marginal change in value of forage hay ($/ton) from a one-unit increase in each of the compositional
entries between January 2011 and March 2012.

Change in forage value ($/ton)
Composition entries Alfalfa - Reference Grass - Reference
Dry matter (%) 2.73 2.19
Crude protein (% DM) 2.12 2.23
NDICP (% DM) 1.28 1.14
ADICP (% DM) -5.17 -5.01
Ether Extracts (% DM) 4.72 4.72
NDF (% DM) -4.96 -5.10
Lignin (% DM) -4.42 -5.38
Ash (% DM) -3.68 -3.67
RUP (% CP) 0.76 0.43
RUPd (% RUP) 0.27 0.20
NDF Effectiveness (% NDF) 0.93 1.40

Figure 1.  Price of nutrients in the Midwest from January 2005 through March 2012.  
NEl$ = Net energy for lactation ($/Mcal), MP$ = metabolizable protein ($/lb), and e-NDF$ = effective NDF ($/lb).

Figure 2.  Relationship between whole diet total tract in vivo NDF digestibility (TT-NDFd) expressed as deviation
from a control diet and in vitro NDF digestibility (NDFd).

52



Introduction
Installation of Automatic Milking Systems (AMS) in
Iowa is expected to more than triple in 2012. It is
probable that by 2020, 10% to 30 % of dairy producers
will be using AMS in their dairy operations.  In order to
assist dairy producers and their lenders make informed
decisions on the economic variables associated with
AMS consideration, these authors developed a partial
budget spreadsheet tool.  See Page three for
assumptions and calculations. 

There are two very important things to note when
comparing AMS versus conventional parlor milking.
First, many factors are “highly variable” meaning that
slight changes in milk price or projected change in milk
production, for instance, can significantly change the
financial impact.  Second, there is limited data to base
various assumptions meaning producers and
consultants will have limited research data for
projecting costs and incomes with high confidence
levels. 

Herd and Financial Assumptions
Herd size is important in calculating the number of
AMS needed. One AMS can handle an estimate 55-65
milking cows.  An additional 10% to 12% herd size can
be added when including dry cows.  Thus, a 70 cow
total herd per AMS can be feasible depending upon
milk production.  

Milk price should be estimated as a long term, projected
average.  Estimated cost per AMS should include new
building or modifications to existing structures to house
the robot and adequate alleys for cow flow.  An
estimation of $10,000 per AMS for housing can be
expected and most robots coming on the market in 2011
are estimated to cost around $200,000 per AMS.

Many AMS installed in 2000 are still in operation.  So,
“years of useful life” is an unknown  variable.  Seven
years of useful life is a very conservative estimate while
more than 12 years may be risky, especially with the
rapid development in AMS technology. The value of
AMS after its useful life is also not clearly defined at
this time. 

Interest rate on money should display the rate which
represents cost of interest paid or the opportunity cost
of the owner’s money, or, a combination of both.
Insurance rate is the rate per $1,000 of value of AMS.
Value of AMS used for interest and insurance is the full
investment value less salvage value.  

Labor Changes 
One of the leading interest factors of AMS is the
reduction of labor.  Current hours of milking for the
designated herd size in a conventional parlor needs to
be compared to the anticipated hours of milking labor
after the AMS is installed.  Typically, the training
period will last three months, labor rates after this
period should be used in the assumptions.  A reduction
in time managing labor is probable.

The herd management software includes rumination,
milk conductivity and cow activity.  This information
can lead to labor savings from heightened heat and
mastitis detection and faster identification of sick cows.
There will likely be an increase in records management
with the AMS to utilize the software data that might
not be there with conventional milking systems.  

Milk Production and Quality Changes
Producers may experience losses in milk production six
to nine % lower from 3x milking. From 2x milking, one
could expect a three to five % increase or more. This is a
huge variable of AMS financial impact.  Somatic Cell
Counts (SCC) and bacteria counts tend to increase in
the first few months after adoption to the AMS but
tends to drop to initial levels or even lower after the
adoption period.

Feed Costs and Intake Changes
Feed cost per pound and intake level changes are
seldom accounted for but can be significant. Milk
production and feed intake have a positive correlation.
AMS utilize a pelleted feed during milking which may
increase feed cost depending on cost and current TMR.
However, feed cost could decrease relative to previous
feeding practices as cows are individually fed with
AMS. 

The Economics of Automatic Milking Systems
Kristen Schulte, Farm and Agri-Business Management Specialist, ISU Extension Dairy Team

Larry Tranel, Dairy Field Specialist, ISU Extension Dairy Team
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Dubuque, IA 52003
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Culling and Herd Replacement Changes
Most producers report no change in culling percent.
But, expected change in turnover rate should be
accounted for in herds with poor feet and legs or
possibly herds with genetic potential for lots of reverse
tilt udders.

Utilities and Supply Changes for Milking
AMS systems may increase electrical usage up to 150
kWh per cow per year.  Water usage may decrease 50 %
or more for small herds using only one AMS, but water
usage is more comparable for herds using two or three
AMS. Chemical and supply costs may be higher in
some instances but in most instances would slightly
decrease.

Sample 140 Cow Dairy Converting to AMS
A 140 cow herd and $17 per cwt milk price are used as
a basis for installing two AMS at a cost of $210,000 per
unit.  A $10,600 annual maintenance agreement is also
purchased.  The producer expects a ten year useful life
out of the AMS at which time he plans to retire and
estimates the robots can be resold for $40,000 each.
Using a combination of borrowed and own money, the
interest cost is 5.5 %.  And, the producer further insures
the AMS at a value of $350,000 higher than the current
system at a rate of $0.005 per $1,000 of valuation.

The producer is currently using 6.5 hours of labor for
milking including set-up and clean-up and expects the
time for fetching cows and clean-up of the AMS area
will be 1.5 hours per day.  Heat detection is projected to
decrease from 30 to 0 minutes per day.  The labor rate
for the milking and heat detection is currently hired at
$15 per hour, including benefits and employment taxes.

The producer recognizes that there will be an additional
15 minutes per day of records management with the
AMS but also estimates there will be a reduction of a
half  hour per day in management of labor.  The labor
rate for record and labor management is valued at $20
per hour.

The herd has a current bulk tank average of 70 pounds
per cow on 2x milking.  A seven pound per cow (10%)
increase in milk production is projected. The producer
also expects the AMS to do a better job with pre and
post milking sanitation, thus reducing his SCC by five
%.

The Total Mixed Ration (TMR) fed to the herd
currently costs $0.105 per pound of dry matter. The
daily dry matter intake per cow will increase with the

additional seven pounds of milk.  Even though now
using a pelleted feed in the AMS, a very small decrease
of $0.001, one-tenth of one cent, is estimated as the
change in cost per pound of dry matter due to
individual cow feeding.  
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The producer expects a one % decrease in herd turnover
rate.  Replacement heifers are valued at $1,600 and cull
cows sold for milk or dairy at an average of $850. 
An increase of $8.25 per cow per year for electricity is
anticipated with AMS.  Due to neighbor’s experiences,
this producer estimated a $3 savings per cow for water
use and a $1.50 increase in chemical or other supply
use.

Partial Budget Analysis for 140 Cow Dairy
A partial budget considers changes to an operation due
to

AMS adoption including increased or decreased
incomes or expenses.  All costs are on an annual basis.
At $17.00 per cwt milk price for 140 cows, an additional
$54,978 of milk production income is generated.
Reducing SCC by five % with a $0.003 per 1,000 ml
change yielded $1,281 in premiums.  A one % decrease
in cow sales equaled -$1,190 in cull cow sales. Total
increased incomes equaled $55,069. 

Decreased expenses that also created a positive impact
include labor savings of 0.5 hours of heat detection, 4
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hours of milking and 0.5 hour of labor management
per day. This equates to financial savings of $2,738 in
heat detection and $27,375 in milking labor. And
reduction in labor management time for the owner was
valued at $3,650. The total decreased expenses equaled
$33,763 and when added to increased incomes gave a
total positive impact of $88,831 by adopting AMS.

On the negative impact side only increased expenses are
entered as no decreased incomes are expected.  The
capital recovery cost of the robots includes the
depreciation and annual interest cost of owning the
AMS.  Depreciating the AMS out over ten years and
charging 5.5 % interest against the purchase value yields
a cost of $57,100 annually.  

Increased repair and insurance costs stems from an
annual maintenance contract on the AMS and the
additional value to insure the AMS at total of $12,350.
Additional feed costs of $19,760 come from the dry
matter needed to produce the additional milk along
with changes in total TMR costs due to pelleted feed
and/or individual feeding of cows in the AMS.  This
producer expected a $0.001 cost reduction per pound of
dry matter.  Due to one % decreased cull rate, heifer
replacement costs decrease $2,240.  Increased utilities,
mainly from electricity, add $945 while increased
records management labor adds $1,825. Total increased
expenses and total negative impacts are $89,740.

Net financial impact, positive minus negative impacts, is
calculated at $-909 for this example. But, quality of life
improvements from a flexible management schedule and
not being tied to an early morning milking schedule is
valued at $10,000. And, valuing the ability to micro
manage the herd with the herd record system at another
$3,000 annually, the net impact becomes $12,091.

So, the adjusted value of the AMS depends heavily on
the variables used, value of the quality of life, and
ability to profit further from the herd management
software. 
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Mind Over Models 

Mike	  Allen	  
Department	  of	  Animal	  Science	  

1	  

Objec6ve:	  	  Review	  the	  process	  of	  ra1on	  
formula1on	  to	  be7er	  balance	  alloca1on	  of	  
resources	  (1me	  and	  money).	  

Reality	  check�

Overview	  

•  Ra1on	  balancing	  programs	  are	  unbalanced:	   	   	   	   	   	  
	  overly	  complicated	  in	  some	  areas	  and	  deficient	  in	  others	  

•  Not	  considered:	  effects	  of	  diet	  on	  energy	  intake	  and	  par11oning	  	  
•  Accuracy	  of	  rumen	  models	  	  

–  Rates	  of	  diges1on	  and	  passage	  are	  wrong	  
–  Incorrect	  model	  structure	  

•  Collec1ve	  knowledge:	  qualita1ve	  >>	  quan1ta1ve	  
•  Qualita1ve	  knowledge	  very	  useful	  
•  Key:	  evaluate	  cow	  response	  to	  diet	  
•  Must	  reduce	  varia1on	  in	  feeds,	  ra1ons,	  and	  groups	  of	  cows	  
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Diet	  formula6on	  

•  Choose	  representa1ve	  cow	  
–  milk	  yield,	  BW,	  DIM,	  weight	  loss/gain	  

•  Calculate	  nutrient	  requirements	  
– Maintenance,	  growth,	  milk	  yield,	  BW	  change	  

•  Predict	  DMI	  
•  Predict	  energy	  supply	  

–  Diges1bility	  
–  Efficiency	  of	  u1liza1on	  

•  Predict	  protein	  (AA)	  supply	  
–  Rumen	  undegraded	  protein	  
– Microbial	  protein	  

Energy	  intake	  and	  par66oning	  

•  “Holy	  Grail”	  of	  diet	  formula1on	  

•  Not	  considered	  by	  ra1on	  formula1on	  programs	  

•  Major	  problem!	  

– Ra1on	  affects	  energy	  intake	  and	  par11oning	  

– Response	  varies	  by	  physiological	  state	  of	  cow	  

Energy	  intake	  and	  par66oning	  

•  Concentra1on	  and	  diges1on	  characteris1cs	  of	  forage	  NDF	  

•  Concentra1on	  and	  ruminal	  fermentability	  of	  starch	  

•  Concentra1on	  and	  type	  of	  fat	  

•  Physiological	  state	  of	  cow	  
–  Control	  of	  DMI:	  physical	  or	  metabolic	  

–  Control	  of	  energy	  par11oning:	  insulin	  concentra1on	  and	  

sensi1vity,	  CLA	  
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Distribu1on	  of	  DM	  diges1bility	  for	  29	  cows	  consuming	  
the	  same	  diet.	  

7	  
!

DMI of individual cows ranged from 
16.6 to 31.5 kg/d it was not related 
to dry matter digestibility (P = 0.48). 
 
Digestibility variation (cv) 
Fiber: 26.5% 
Starch: 5.7% 
  

Data from Voelker et al., 2002, J. Dairy Sci. 85:2650. 

Varia6on	  among	  cows	  for	  ruminal	  pH	  

8	  

Range in mean ruminal pH for 14 
cows consuming the same alfalfa 
silage-based diet  
 
Ruminal pH measured every 15 h for 
5 days (8 observations/cow) 
 
Dry matter intake ranged from 20.6 
to 30.4 kg/d but was not related to 
ruminal pH (P = 0.81)  

Kammes and Allen, unpublished 

Rate	  of	  diges6on:	  fiber	  (pdNDF)	  
Oba and Allen 2003 J Dairy Sci 86:184 

�

32%	  starch	   21%	  starch	  
HMC	   DRY	   HMC	   DRY	  

kd	   2.25	   2.91	   3.15	   3.44	  

pH	   6.12	   6.13	   6.25	   6.32	  

kd:  starch concentration P = 0.01 
 grain type P = 0.05 
 interaction P = 0.44 

pH:  starch concentration P = 0.01 
 grain type P = 0.41 
 interaction P = 0.48 

Closed: 32% starch 
Open: 21% starch 
Circle: HMC 
Triangle: DRY 

R = 0.58, P < 0.001 �
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Ruminal	  fermenta6on	  

•  Diges1bility	  	  
•  Absorbed	  protein	  
•  Feed	  intake	  

– Rumen	  disten1on	  
– Type	  and	  temporal	  supply	  of	  fuels	  

•  Energy	  par11oning	  
– Type	  and	  temporal	  supply	  of	  fuels	  
– FA	  Biohydrogena1on:	  CLA	  

	  

Predic6on	  of	  absorbed	  protein	  

•  Predict	  ruminal	  degrada1on	  of	  feed	  proteins	  
– Degrada1on	  rates	  highly	  variable,	  difficult	  to	  measure	  
– Passage	  rates	  unknown	  

•  Predict	  microbial	  protein	  flow	  from	  rumen	  
– Predict	  energy	  supply	  	  
– Predict	  efficiency	  of	  u1liza1on	  of	  energy	   	   	   	   	  

	  (10-‐55	  g/kg	  MN/FOM	  in	  2001	  Dairy	  NRC)	  
– Compe11on	  between	  lysis	  and	  passage	  

St. Pierre, 2003 J. Dairy Sci. 86:344  

255 g/d 

~300 g/d 

50#/d 

435�

100#/d 

690�
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Calcula6ng	  ruminal	  diges6bility	  from	  kine6cs	  

Digested�

Passed �

kd �

kp �

Rumen �

Digestibility =                    �
kd �

kd+ kp 

Assumptions: 
 
1) Homogeneous fraction 
2) First-order kinetics 
3) Absolute rates required 

Chemically	  defined	  frac6ons	  in	  CNCPS	  (1992)	  

Carbohydrate  % h-1 
A: sugars  300-500 

B1: starch  20-40 
B2: soluble fiber  20-40 
B3: available NDF  4-9 
C: unavailable NDF  0 
 
Protein 
A: NPN  10,000 
B1: soluble true protein  130-300 
B2: moderately degraded protein  3-20 
B3: slowly degraded protein  0.05-2.0   
C: unavailable protein  0 

Rate	  of	  diges6on	  in	  vitro	  

•  Rate	  of	  diges1on	  inversely	  related	  to	  par1cle	  size	  
– Ground	  feeds:	  rate	  too	  high	  
– Unground	  feeds:	  rate	  too	  low	  
– Can’t	  mimic	  in	  vivo	  par1cle	  size	  reduc1on	  

•  Enzyme	  limi1ng	  for	  some	  substrates	  
•  Rela1ve	  -‐	  not	  absolute	  -‐	  measure	  
•  Cannot	  be	  used	  to	  predict	  ruminal	  diges1bility	  
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Problems	  with	  passage	  markers	  

•  Fecal	  excre1on	  curves	  are	  difficult	  to	  interpret	  
•  Rare	  earth	  markers	  migrate	  from	  feeds	  
•  Applied	  to	  en1re	  feed	  but	  passage	  rate	  of	  feed	  
frac1on	  is	  required	  

Rare	  earth	  elements	  as	  markers	  

•  Trivalent:	  bind	  to	  feeds	  by	  electrosta1c	  a7rac1on	  
•  Stability	  constant:	  [ML]	  /	  [M][L]	  

•  Feeds:	  103	  to	  105	  (1,000-‐100,000	  to	  1	  )	  
•  Preferen1ally	  bind	  to	  small	  par1cles	  with	  greater	  surface	  area	  
•  Migrate	  from	  feeds	  to	  bacteria,	  smaller	  feed	  par1cles,	  mucins	  
(Allen,	  1982)	  	  	  

•  Precipitate	  as	  phosphates	  	  	  
•  RE	  phosphates	  very	  insoluble	  
•  Stability	  constant	  ~1016	  (10,000,000,000,000,000	  to	  1)	  

	  

Pool	  and	  flux	  vs.	  rare	  earth	  markers	  
 Mean  Range 

Pool and flux* (11 experiments, 315 records)  

iNDF  3.2 %/h  1.2 - 5.3 %/h 

pdNDF  2.4 %/h  0.2 - 4.3 %/h 

Starch  15.3 %/h  3.4 - 33.9 %/h 
*currently have 18 experiments, 539 records 

 

Rare earth markers (Seo et al. 2006, J. Dairy Sci. 89:2327-2342) 

Dry forage  4.5 %/h  3.4 - 5.7 %/h 

Wet forage  5.2 %/h  3.9 - 6.3 %/h 

Concentrate  6.7 %/h  3.6 - 9.2 %/h 
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Selec6ve	  reten6on	  in	  the	  rumen	  
Voelker Linton and Allen, 2007 J. Dairy Sci. 90:4770 

Kine6cs	  of	  par6cle	  size	  reduc6on	  and	  passage	  

Size	   Frac6on	   %	  h-‐1	   %	  of	  NDF	  
in	  rumen	  

≥	  2.4	  mm	   iNDF	   2.10	   15.5	  

<	  2.4	  mm	   iNDF	   5.67	   40.7	  

L	  -‐>	  S	   iNDF	   6.92	  

≥	  2.4	  mm	   pdNDF	   0.59	   19.6	  

<	  2.4	  mm	   pdNDF	   1.70	   24.2	  

Voelker Linton and Allen, 2007 J. Dairy Sci. 90:4770 

65% of NDF in rumen below  
threshold size for passage 
 

Passage rate: 

~2.8x higher for S vs L 

~3.5x higher for iNDF vs pdNDF 

�

Gases (CO2 + CH4)
AVAILABLE
UNAVAILABLE

Float

Sink Fermentation Time 

Jung and Allen, 1995 J Anim Sci 73:2774 



Mike Allen, Michigan State University, 2265A Anthony Hall, East Lansing, MI 
48824-1225, Phone: 517-432-1386, Email: allenm@msu.edu 

Presentation at the 2012 4-State Dairy Nutrition and Management Seminar, June 
13&14, 2012, Dubuque, Iowa 

Passage	  rate	  is	  affected	  by	  forage	  characteris6cs	  

Comparison of bm3 corn silage to isogenic control in 29% and 38% NDF 

diets (Oba and Allen, 2000, J. Dairy Sci. 83:1350) 
  

 

 29% NDF 38% NDF Significance, P 
 bm3 control bm3 control NDF CS NDFxCS 

INDF kp, h-1 3.73 3.13 3.55 3.27 0.81 0.0001 0.09 

Comparison of alfalfa silage (43% NDF) to orchardgrass silage (48% NDF) 
(Voelker Linton and Allen, 2005) 
 

    alfalfa    orchardgrass     Significance, P   
    INDF kp, h-1    2.93          2.52                   0.03 

Ruminal	  starch	  diges6on	  does	  not	  follow	  
first-‐order	  kine6cs	  	  

•  In	  vitro	  starch	  diges1on	  intra	  assay	  c.v.	  ~	  25%	  
•  Diurnal	  varia1on:	  rate	  of	  starch	  diges1on	  ater	  
feeding	  was	  33%	  faster	  than	  before	  feeding	  
(Ficke7	  and	  Allen,	  2002)	  

•  Rate	  of	  starch	  diges1on	  increased	  with	  higher	  
starch	  diets	  (Oba	  and	  Allen,	  2003,	  Voelker	  and	  Allen,	  2003)	  

Rate	  of	  passage:	  starch	  
Ying and Allen, 2005 J. Dairy Sci. 88S:393 

Dry > HM (P < 0.01) 
Vitreous > floury (P < 0.01) 
Interaction: NS 
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Diet	  consumed	  ≠	  ra6on	  formulated	  

•  Varia1on	  in	  ingredients	  

•  Mixing	  errors	  

•  Varia1on	  in	  mixing	  and	  delivery	  

•  Selec1on	  among	  cows	  	  

Recommenda6ons	  

•  Diet	  formula1on	  sotware:	  accoun1ng	  system	  
•  KISS:	  avoid	  overly-‐complicated	  models	  
•  Decrease	  varia1on	  in	  feeds,	  ra1ons,	  cows	  
•  Include	  the	  cow	  in	  the	  loop:	  milk	  yield,	  BCS,	  manure	  
consistency,	  MUN,	  urine	  pH,	  ketones,	  NEFA,	  etc.	  

•  Concentra1ons	  not	  amounts	  
– Don’t	  get	  hung	  up	  on	  energy	  concentra1on	  

•  Energy	  intake	  and	  par11oning	  is	  most	  important	  
•  Forage	  NDF	  concentra1on	  and	  diges1bility,	  starch	  
fermentability,	  protein	  adequacy	  are	  most	  important	  26	  

Evaluate	  cow	  responses	  

•  Fill:	  Forage	  NDF	  vs.	  NFFS	  

•  Glucose	  precursors:	  Corn	  vs.	  NFFS	  

•  Site	  of	  diges1on:	  HMC	  vs.	  DC	  

•  Protein:	  Corn	  vs.	  SBM	  

•  Protein	  degradability:	  SBM	  vs.	  treated	  SBM	  
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Usefulness	  of	  rumen	  models	  

•  Research	  
•  Codify	  research	  to	  help	  understand	  rumen	  func1on	  
•  S1mulate	  ideas	  for	  new	  research	  
•  Priori1ze	  ideas:	  sensi1vity	  analysis	  	  

•  Teaching	  
•  Understand	  interac1ons	  of	  diet,	  microbes	  and	  animal	  
performance	  

•  Diet	  formula1on	  
•  S1mulate	  ideas	  to	  solve	  problems	  
•  Not	  useful	  for	  rou1ne	  diet	  formula1on 



Increased costs and reduced availability of common
bedding materials such as straw and sawdust have
prompted dairy producers to search for alternative
bedding sources. Sand can be considered the ideal
bedding source for dairy cows; it offers improved
cow comfort especially due to better cushion and
traction and it is inorganic which provides minimal
nutritive support to mastitis pathogens. However, not
all producers consider sand a feasible alternative for
their operation. Inherent properties of sand can make
it difficult to handle in some manure systems. Recent
improvements in anaerobic digestion and solids
separation technology as well as the associated
environmental benefits of using digesters make them
an attractive option for dairy producers. Large
amounts of bedding can be obtained from mechanical
separation of manure.

There is some skepticism among producers and other
professionals in the dairy industry about using
recycled manure solids (RMS) successfully as
bedding for dairy cows. Research data on the use of
RMS as bedding material for dairy cows, milk quality
and animal welfare on farms using RMS, the
chemical and bacteriological characteristics of RMS,
and methods of obtaining RMS for bedding in the
Midwest US were not available. Therefore, the
objectives of our cross-sectional study were to 1)
characterize RMS as a bedding material, 2) describe
different methods for obtaining RMS, 3) document
management practices, milk quality and animal
welfare, and 4) compare characteristics of RMS
obtained from different systems.

Methodology
The study included 38 dairy operations with herd
sizes ranging from 130 to 3700 lactating cows.
Average herd size was 1300 cows. Farms were visited
once in the summer. Forty five percent of the herds
had mattresses and 55% had deep bedded stalls.
Freestall dimensions - stall width, body resting
length, total stall length, neck rail height, and
bedding depth – were measured during the farm
visit. The depth of bedding was estimated prior to
the addition of fresh bedding by measuring thickness
of bedding with a tape measure in stalls with
mattresses. In deep-bedded stalls, bedding depth was
estimated in the back third of the stall using a steel

rod manually driven through the bedding material to
the base of the stall and measuring the portion of the
steel rod above the stall surface. Producers were
provided with a questionnaire designed to gather
information related to the method of obtaining
manure solids as well as bedding and other
management practices.  Composite samples of both
the unused and used bedding material were obtained
from each herd for bacterial and chemical analyses.  

At the time of visit, 50% or more of the cows in all
lactating pens were scored for locomotion, hygiene,
and hock lesions. Animals were evaluated for
lameness using a 5-point locomotion scoring method.
Locomotion scores (LS) were identified as 1 = normal
locomotion, 2 = imperfect locomotion, 3 = lame, 4 =
moderately lame, 5 = severely lame. Locomotion
scoring was performed by one observer as cows were
exiting the milking parlor.  A representative number
of cows from the beginning, middle, and end of each
lactating pen were scored for locomotion to avoid
biasing the results. Lameness prevalence for each
lactating pen was calculated as the number of
animals with LS ≥ 3 divided by the total number of
animals scored in the pen. Severe lameness
prevalence by pen was calculated as the number of
animals with LS ≥ 4 divided by the total number of
animals scored in the pen. Cows were scored for hock
lesions (HL) and hygiene in the milking parlor. Hock
lesions were scored on a 3-point scale with 1 = no
lesion, 2 = hair loss (mild lesion), 3 = swollen hock
with or without hair loss (severe lesion). Cow
hygiene was assessed by the amount of dirt on the
udder and lower hind legs and was based on a 5-
point scale with 1 = clean and 5 = dirty. Across all
farms 37,271 cows were scored for locomotion and
29,565 cows for hock lesions and hygiene to represent
the average score in each pen.

On-farm herd records were collected for the entire
year and used to investigate mortality, culling, milk
production, and mastitis incidence. Herd clinical
mastitis incidence was calculated as the number of
cases per 100 cow years (36,500 days) at risk. Both the
number of clinical mastitis cases and cows at risk
during the year were obtained from the on-farm
record system. Each reported clinical mastitis case
was considered to be a new case if a 14-d period had

Recycled Manure Solids for Bedding:
Does It Work?

Marcia I. Endres and Adam W. Husfeldt
Department of Animal Science

University of Minnesota, St. Paul, 55108
miendres@umn.edu

67



passed between the previous and current case of
clinical mastitis. Herd turnover rate was calculated as
the number of animals that left the farm (died or
sold) over the course of 1 year divided by the average
herd inventory (dry and lactating cows). Herd
turnover rate for cows less than 60 DIM was
calculated as the number of animals that died or were
sold within the first 60 DIM divided by the number
of animals that freshened during the year.  Daily bulk
tank milk information from January to December was
obtained from each herd’ s milk processor when
accessible.

Farm characteristics
Thirty-eight Midwest dairy operations from
Wisconsin (26), Minnesota (6), South Dakota (4), and
Iowa (2) were included in this study. Anaerobic
digestion preceded mechanical manure solids
separation on 50% of the farms, with plug-flow
digesters (14) being more common than complete-mix
digesters (5). Farms without anaerobic digesters were
separating raw manure for bedding (13) or
purchasing manure solids from dairies with
anaerobic digesters (6). All farms used mechanical
screw press separators to obtain RMS, and 19 of the
38 farms were utilizing anaerobic digestion prior to
mechanical separation of manure.  Average herd size
of farms using anaerobic digesters was 1755 cows.  

On the 13 farms where anaerobic digesters were not
used, producers mechanically separated raw manure
and either used it without treatment or subjected the
solids to mechanical drum-composting for 18 to 24 h
at approximately 150°F. Nine herds used separated
raw manure solids and 4 herds used manure solids
after drum-composting. Average herd size was 1025
cows for farms utilizing a drum-composting unit and
1105 cows for farms separating raw manure solids.
Six herds in our study were purchasing digested
manure solids from another dairy operation. In these
herds, manure solids were stockpiled for a period of
1-3 weeks and used as needed by the dairy producer.
In herds purchasing manure solids, herd size
averaged 542 cows.

RMS chemical and bacteriological characteristics
Unused RMS bedding moisture was 72.4% (±6.0)
with a pH of 9.16 (±0.2). It contained 1.4% (±0.2) N,
44.9% (±1.1) C, 32.7 (±5.2) C:N ratio, 0.44% (±0.19) P,
0.70% (±0.21) K, 76.5% (±2.5) NDF, 9.4% (±2.0) ash,
4.4% (±1.6) NFC, and 1.1% (±0.5) fat. Used bedding
samples had an average moisture content of 50.4%
(±12.6) and a pH of 9.39 (±0.2). These samples
contained 71.3% (±4.1) NDF, 12.2% (±4.2) ash, 1.9%
(±0.4) N, 43.0% (±2.1) C, and had a C:N ratio of 22.6
(±4.3). 

Total bacterial counts in unused bedding were
4,211,927 cfu/mL and ranged from 325 to 23,373,500
cfu/mL. Proportionally, samples had 58.0% bacillus
species, 37.2% environmental Streptococci species,
4.0% Staphylococcus species, and 0.9% coliforms.
Separated raw manure solids contained the greatest
total counts of bacteria prior to use as freestall
bedding. In particular, populations of bacillus,
coliforms, and environmental Streptococci were
greater than those found in digested and composted
manure solids. Populations of bacillus and
environmental Streptococci species were similar
between digested and composted solids. No
difference was found in the populations of
Staphylococcus species between digested, composted,
and separated raw manure solids. Coliform bacteria
were not detected in unused samples of composted
solids. 

Total bacterial population in used bedding was
13,285,010 cfu/mL and ranged between 25,100 and
73,036,500 cfu/mL. Proportionally, bedding samples
had 51% bacillus species, 39.3% environmental
Streptococci species, 7.4% environmental
Staphylococcus species, and 2.2% coliforms.
Bacterial counts among the different types of manure
solids were more similar after use as freestall
bedding;  however, digested manure solids contained
less total bacteria than composted (P < 0.001) and
separated raw manure solids (P = 0.006). Coliform
bacteria, not present in composted solids prior to use
as bedding, were found in amounts similar to that of
digested and separated raw manure solids after use
as freestall bedding at approximately 145,000
cfu/mL. Environmental Streptococci were present in
lower concentrations (P < 0.001) in digested manure
solids (1,379,180 cfu/mL) than composted (5,614,707
cfu/mL) and separated raw (3,934,915 cfu/mL)
manure solids. Digested solids also contained fewer
(P < 0.05) bacillus species (1,375,599 cfu/mL) than
separated raw (2,852,767 cfu/mL) manure solids. No
differences were observed in counts of
Staphylococcus species.

Digester comparison 
Anaerobic digestion was being utilized by 19 of the
38 farms in this study and 6 herds were purchasing
digested solids from another dairy. Plug-flow
digesters were most common, with 14 of the 19 herds
using this type of digester. The remaining 5 herds
used complete-mix digesters. Differences between
systems include percent solids of manure entering the
digester, mixing of manure within the system, and
most notably the design.  Plug-flow digesters usually
are built below grade and plugs of fresh manure
enter the digester at one end and push out digested
manure at the opposite end.  Complete-mix digesters 
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are typically silo-like tanks built above ground which
use agitators to periodically mix digester contents. 

Only minor differences existed between unused RMS
obtained from plug-flow compared to complete-mix
digesters. RMS from plug-flow digesters contained
less N (1.4%) than from complete-mix digesters (1.6%;
P < 0.01). This difference resulted in a greater C:N
ratio (P = 0.03) for solids obtained from plug-flow
digesters (31.3) compared to complete-mix (27.7)
digesters. Unused RMS bedding moisture, NDF,
NFC, ash, total C, P, and K content as well as pH
were not different between digester types. Bacterial
populations of bacillus, coliforms, environmental
Streptococci, and Streptococcus species were similar
between unused RMS obtained from plug-flow and
complete-mix digesters.

Animal welfare
Stall surface was associated with lameness and hock
lesion prevalence. Lameness prevalence (locomotion
score ≥3 on a 1 to 5 scale) was lower in deep bedded
freestalls (14.4%) than freestalls with mattresses
(19.8%). It is interesting to note that lameness
prevalence, even for farms using mattresses, was
similar to lameness prevalences we have observed in
herds with deep bedded sand stalls. Severe lameness
prevalence (locomotion score ≥4) was also lower for
cows housed in deep bedded freestalls (3.6%) than
for cows housed in freestalls with mattresses (5.9%).
Again, those prevalences are similar to what we have
found in sand-based freestalls. Producers were using
large quantities of solids on top of mattresses because
the bedding material is readily available. In addition,
the prevalence of hock lesions (hock lesion scores ≥2
on a 1 to 3 scale) and severe hock lesions (hock lesion
score = 3) was lower in herds with deep bedded
freestalls (49.4%; 6.4%) than in herds with mattresses
(67.3%; 13.2%).  

Herd turnover rates were not associated with stall
surface; however, the percentage of removals due to
voluntary (low production, disposition and dairy)
and involuntary (death, illness, injury, and
reproductive) reasons was different between deep
bedded and mattress based freestalls. Voluntary
removals averaged 16.1% of all herd removals in
deep bedded herds, whereas in mattress herds these
removals were 7.9%.  Herds utilizing RMS in deep-
bedded and mattress based stalls were found to have
similar mortality rates. Mortality rates were 8.2% for
herds with deep beds and 8.6% for herds with
mattresses.  Nearly half of all mortalities were found
to occur prior to 60 DIM.  In herds with deep beds,
47.2% of mortalities occurred prior to 60 DIM (range
of 18.7 to 74.0%).  Herds with mattresses reported
42.7% of deaths occurred before 60 DIM (range of
33.8 to 55.3%).

Milk quality and udder health
One major concern expressed by producers
considering the use of manure solids for bedding is
the possibility of increased somatic cell count (SCC).
We found that yearly average bulk tank SCC was
275,000 cells/mL (range - 121,000 to 688,000
cells/mL). This average is not very different from the
average in the region (~290,000). Eighteen percent of
the herds had a yearly bulk tank SCC less than
200,000 cells/mL and 9% had more than 400,000
cells/mL.  All herds used pre and post-milking teat
disinfection, individual towels for drying udders, and
routine dry cow therapy at dry off.

Cows in this study were on the average cleaner than
any other freestall study we have conducted. The
lowest percentile herds for SCC (which averaged
186,000 SCC) had an average hygiene score of 2.38 (1-
to-5 scale where 1 = clean and 5 = very dirty); the
highest percentile herds (average of 430,000 SCC) had
an average hygiene score of 2.62. Cleaner cows are
easier to prepare prior to milking and are less
susceptible to mastitis. Stall maintenance and speed
of moving cows to the parlor can influence cow
hygiene.

Incidence rates of clinical mastitis in the current
study were 66.3 and 49.0 cases per 100 cow-years for
deep-bedded and mattress herds, respectively, and
ranged from 9.3 to 108.7 cases per 100 cow-years in
deep-bedded herds and 13.2 to 107.6 cases per 100
cow-years in herds with mattresses. No association
was found between clinical mastitis incidence and
stall surface. These relatively high results for clinical
mastitis incidence suggest that udder health may be
compromised when using RMS as bedding for
lactating dairy cows or producers using RMS are
paying closer attention and detecting clinical cases
more often.

Conclusions
Differences in the chemical and bacteriological
characteristics of digested, drum-composted, and
separated raw manure solids were found prior to and
after use as bedding. These differences were likely
due to the processes of anaerobic digestion and
drum-composting. Bacteriological differences were
substantial in unused RMS but were minor after use
as freestall bedding. Minor differences existed
between RMS obtained from plug-flow and
complete-mix digesters. 

The use of RMS in deep-bedded freestalls appeared
to provide cows with a more welfare friendly resting
surface than the use of RMS on top of mattresses.
Herds with deep beds had a lower prevalence of
lameness and hock lesions compared to herds with
mattresses. Additionally, the prevalence of severe
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lameness and severe hock lesions in herds with deep-
bedded stalls was lower than those observed in herds
with mattresses. When the results are compared to
previous studies with sand for bedding, we learned
that lameness prevalence was similar, hock lesion
prevalence was slightly higher, and cow hygiene was
better in herds using RMS. Similar herd turnover
rates were found between deep-bedded and mattress
based herds; however, removals due to voluntary and
involuntary reasons were found to be different. Death
was indicated as the primary reason for herd removal
both during lactation and prior to 60 DIM. 

It appears that excellent cow preparation at milking
time, sanitation of milking equipment, cow hygiene,
adequate dry cow housing, and bedding/stall
management appeared to be critical in maintaining a
low SCC when using recycled manure solids for
bedding and making it work. These practices are
important when using any type of bedding and even
more so with recycled manure solids. Overall, RMS
appear to be a satisfactory bedding option for
freestall dairy herds.
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Introduction
Hypocalcemia (low blood calcium) is an important
determinant of fresh cow health and milk production.
Five key principles shape our understanding of this
common metabolic disease and how to manage it.

• Most second and greater lactation cows have a
transient hypocalcemia around calving (Kimura
et al., 2006).

• Hypocalcemia is linked to other fresh cow
problems (Goff, 2008, Oetzel, 2011)

• Supplementation with oral calcium is the
preferred approach for supporting cows that are
exhibiting early signs of milk fever but are still
standing (Oetzel, 2011).

• Subclinical hypocalcemia has greater associated
costs to your dairy than do clinical cases of milk
fever (Oetzel, 2011).

• Even herds with successful anionic salts
programs and minimal cases of clinical milk fever
will benefit from strategic use of oral calcium
supplements (Oetzel, unpublished data, 2012).

The start of each new lactation challenges a dairy
cow’s ability to maintain normal blood calcium
concentrations.  Milk (including colostrum) is very
rich in calcium, and cows must quickly shift their
priorities to adjust for this sudden calcium outflow.
Average blood calcium concentrations noticeably
decline in second or greater lactation cows around
calving, with the lowest concentrations occurring
about 12 to 24 hours after calving (Figure 1) (Goff,
2008, Kimura et al., 2006).

Subclinical Hypocalcemia Overview
Subclinical hypocalcemia can be defined as low blood
calcium concentrations without clinical signs of milk
fever.  Subclinical hypocalcemia affects about 50% of
second and greater lactation dairy cattle fed typical
pre-fresh diets.  If anions are supplemented to reduce
the risk for milk fever, the percentage of
hypocalcemic cows is reduced to about 15 to 25%
(Oetzel, 2004).

A cow does not necessarily have to become
recumbent (down) to be negatively affected by

hypocalcemia.  With or without obvious clinical
signs, hypocalcemia has been linked to a variety of
secondary problems in post-fresh cows (Goff, 2008,
Oetzel, 2011).  This happens because blood calcium is
essential for muscle and nerve function - particularly
functions that support skeletal muscle strength and
gastro-intestinal motility.  Problems in either of these
areas can trigger a cascade of negative events that
ultimately reduce dry matter intake, increase
metabolic diseases, and decrease milk yield (Goff,
2008).  This is illustrated in Figure 2.

Figure 1. Plasma concentrations of total calcium
before and after calving in mature Jersey cows with
or without clinical milk fever (Kimura et al., 2006).

Figure 2. Proposed mechanisms for reduction in
milk yield in early lactation cows due to
hypocalcemia.
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Subclinical hypocalcemia is more costly than clinical
milk fever because it affects a much higher
percentage of cows in the herd (Oetzel, 2011).  For
example, if a 2000-cow herd has a 2% annual
incidence of clinical milk fever and each case of
clinical milk fever costs $300 (Guard, 1996), the loss
to the dairy from clinical cases is about $12,000 per
year.  If the same herd has a 30% annual incidence of
subclinical hypocalcemia in second and greater
lactation cows (assume 65% of cows in the herd) and
each case costs $125 (an estimate that accounts for
milk yield reduction and direct costs due to increased
ketosis and displaced abomasum), then the total herd
loss from subclinical hypocalcemia is about $48,750
per year.  This is about 4 times greater than the cost
of the clinical cases.

A recently published, large multi-site study shows
that hypocalcemia around calving is most strongly
associated with reduced milk yield (Chapinal et al.,
2012) and increased risk for displaced abomasum
(Chapinal et al., 2011).  These studies also
demonstrated that the cutpoint for serum total
calcium is higher (about 8.5 mg/dl) than was
previously assumed (see Figures 3 and 4).

Figure 3. Effect of serum total calcium on milk yield
for the first 4 DHI tests after calving.  Different
cutpoints were derived for serum samples collected
on weeks -1, 1, 2, and 3 after calving.  Data are from
2,365 cows in 55 Holstein herds in Canada and the
US (Chapinal et al., 2012).

Figure 4. Effect of serum total calcium on the odds
for displaced abomasum after calving.  Different
cutpoints were derived for serum samples collected
on weeks -1, 1, 2, and 3 after calving.  Data are from
2,365 cows in 55 Holstein herds in Canada and the
US (Chapinal et al., 2011).

Treatments for Subclinical Hypocalcemia and
Clinical Milk Fever
Clinical signs of milk fever in dairy cattle around
calving may, for convenience, be divided into three
stages.  Stage I milk fever is early signs without
recumbency. It may go unnoticed because its signs
are subtle and transient.  Affected cattle may appear
excitable, nervous, or weak. Some may shift their
weight frequently and shuffle their hind feet (Oetzel,
2011).

Oral calcium supplementation is the best approach
for hypocalcemic cows that are still standing, such as
cows in Stage 1 hypocalcemia or who have
undetected subclinical hypocalcemia (Oetzel, 2011).
Cows absorb an effective amount of calcium into her
bloodstream within about 30 minutes of
supplementation.  Blood calcium concentrations are
supported for only about four to six hours afterwards
(Goff and Horst, 1993, 1994) for most forms of oral
calcium supplementation.

Intravenous (IV) calcium is not recommended for
treating cows that are still standing (Oetzel, 2011).
Treatment with IV calcium rapidly increases blood
calcium concentrations to extremely high and
potentially dangerous levels (Goff, 1999).  Extremely
high blood calcium concentrations may cause fatal
cardiac complications and (perhaps most
importantly) shut down the cow’s own ability to
mobilize the calcium she needs at this critical time
(Oetzel, 2011).  Cows treated with IV calcium often
suffer a hypocalcemic relapse 12 to 18 hours later
(Curtis et al., 1978, Thilsing-Hansen et al., 2002).  The
problems with IV calcium treatment are illustrated in
Figure 5.
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Figure 5. Effect of IV calcium treatment with 10.8 g
of elemental calcium on serum total calcium
concentrations in a mature Jersey cow with clinical
milk fever (Goff, 1999).

Cows in Stage II milk fever are down but not flat out
on their side.  They exhibit moderate to severe
depression, partial paralysis, and typically lie with
their head turned into their flank.  Stage III
hypocalcemic cows are flat out on their side,
completely paralyzed, typically bloated, and are
severely depressed (to the point of coma).  They will
die within a few hours without treatment (Oetzel,
2011).  Stage II and Stage III cases of milk fever
should be treated immediately with slow IV
administration of 500 ml of a 23% calcium gluconate
solution.  This provides 10.8 grams of elemental
calcium, which is more than sufficient to correct the
cow’s entire deficit of calcium (about 4 to 6 grams).
Giving larger doses of calcium in the IV treatment
has no benefit (Doze et al., 2008).  Treatment with IV
calcium should be given as soon as possible, as
recumbency can quickly cause severe musculoskeletal
damage.

To reduce the risk for relapse, recumbent cows that
respond favorably to IV treatment need additional
oral calcium supplementation once they are alert and
able to swallow, followed by a second oral
supplement about 12 hours later (Oetzel, 2011,
Thilsing-Hansen et al., 2002).

Transient hypocalcemia can occur in cows whenever
they go off feed or have periods of decreased
intestinal motility (DeGaris and Lean, 2008).  It can be
difficult to tell which comes first - the hypocalcemia
or the gastrointestinal stasis.  Whatever the case, the
two problems can positively reinforce each other.
During the experimental induction of hypocalcemia,
Huber et al. (1981) noted that ruminal contractions
ceased well before the onset of clinical signs of milk

fever.  Off-feed cows, particularly in early lactation,
are very likely to benefit from prompt oral calcium
supplementation. Even herds with successful anionic
salts programs and minimal clinical cases of milk
fever will benefit from strategic use of oral calcium
supplements (Oetzel, unpublished data, 2012).  Start
by supplementing all standing cows who have
clinical signs of hypocalcemia and all down cows
following successful IV treatment.  For herds with a
high incidence of hypocalcemia, it may also be
economically beneficial to strategically supplement
all fresh cows with oral calcium.  Finally, cows with
high milk yield in the previous lactation (>105% of
herd average ME milk production) and lame cows
have the best response to oral calcium
supplementation (Oetzel, unpublished data, 2012).
These cows gave 6.8 lbs more milk at first DHI test
compared to unsupplemented cows.

Types of Oral Calcium Supplementation
The source of calcium in an oral supplement and its
physical form greatly influence calcium absorption
and blood calcium responses.  Calcium chloride has
the greatest ability to support blood calcium
concentrations (Goff and Horst, 1993, 1994).  This can
be explained by its high calcium bioavailability and
its ability to invoke an acidic response in the cow,
which causes her to mobilize more of her own
calcium stores.  Providing a typical amount of
elemental calcium chloride (e.g., 50 grams of
elemental calcium) in a small oral dose provided the
best absorption (Figure 6).  Administering 100 grams
of elemental calcium from calcium chloride in water
resulted in excessively high blood calcium - this
could shut down the cow’s own calcium homeostatic
mechanisms and to invoke a calcitonin response to
protect her from hypercalcemia.

Figure 6. Effect of two different doses of oral
calcium chloride on plasma total calcium
concentrations, expressed as percent of baseline
values (Goff and Horst, 1993).
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The risk of aspiration is great when thin liquids are
given orally, and calcium chloride is very caustic to
upper respiratory tissues.  Calcium propionate is
more slowly absorbed (presumably because it is not
acidogenic) and must be given at higher doses of
elemental calcium (usually 75 to 125 grams).

Calcium carbonate in water did not increase blood
calcium concentrations at all (see Figure 7) (Goff and
Horst, 1993).  This may be explained by its poorer
bioavailability and by the alkalogenic response it can
invoke.

Figure 7. Effect of oral calcium chloride and oral
calcium carbonate on plasma calcium, expressed as
percent of baseline values (Goff and Horst, 1993).

A combination of calcium chloride and calcium
sulfate delivered in a fat-coated bolus (Bovikalc®,
Boehringer Ingelheim Vetmedica, St. Joseph, MO)
resulted in more sustained improvements in blood
calcium concentrations (see Figure 8) than were
observed in previous studies with oral calcium
chloride or calcium propionate in water (Sampson et
al., 2009).

Figure 8. Effect of administration of two Bovikalc®
boluses on blood ionized calcium concentrations
(expressed as percent of baseline).  Experimental
animals were Holstein cows (n=20) with
hypocalcemia at calving   (Sampson et al., 2009).

Subcutaneous Calcium Treatment
Subcutaneous calcium can be used to support blood
calcium concentrations around calving, but has
substantial limitations (Goff, 1999).  Absorption of
calcium from subcutaneous administration requires
adequate peripheral perfusion.  It may be ineffective
in cows that are severely hypocalcemic or
dehydrated.  Subcutaneous calcium injections are
irritating and can cause tissue necrosis;
administration should be limited to no more than 75
ml of a 23% calcium gluconate solution (about 1.5 g
elemental calcium) per site.  Calcium solutions that
also contain glucose should not be given
subcutaneously.  Glucose is very poorly absorbed
when given by this route.  Abscessation and tissue
sloughing may result when glucose is given
subcutaneously.

The kinetics of subcutaneously administered calcium
indicate that it is well-absorbed initially, but that
blood concentrations fall back to baseline values in
about 6 hours (see Figure 9) (Goff, 1999).  Thus,
repeat doses would be necessary to equal the
sustained blood calcium support that is possible with
oral calcium boluses.
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Figure 9. Effect of subcutaneous administration of
500 ml of 23% calcium gluconate on plasma total
calcium, expressed as percent of baseline.  The 500
ml solution was divided into 10 different sites
(Goff, 1999).

Timing of Oral Calcium Supplementation Relative
to Calving
Strategies for giving oral calcium supplements
around calving should include at least two doses -
one at calving calving and a second dose the next
day.  The expected nadir in blood calcium
concentrations occurs between 12 and 24 hours after
calving (Goff, 2008, Sampson et al., 2009).  Giving
only one oral calcium supplement around calving
time leaves the cow without support when her blood
calcium concentrations are naturally the lowest.  It is
interesting to note that the original protocols for oral
calcium supplementation called for 4 doses - one
about 12 hours before calving, one at calving, one 12
hours post-calving, and one 24 hours post-calving.  It
was very difficult to predict when at cow was in fact
about 12 hours from expected calving, and many
cows calved without receiving this dose (Oetzel,
1996).  The dose at calving is not practically
challenging to administer, and providing a dose
sometime the day after calving will provide critical
support around the time of nadir and can still be
practical in large dairies where the post-fresh pen is
locked up just once daily.

Milk Fever Prevention - Dietary Calcium
Restriction
The traditional method of preventing milk fever has
been to restrict calcium intake during the dry period.
If extremely low calcium diets (< 20 grams of daily
calcium) are fed before parturition and high-calcium
diets are fed after parturition, the incidence of milk
fever can be drastically reduced (Green et al., 1981).
Low calcium diets prior to calving apparently
prevent the cow’s active intestinal calcium absorption
and bone calcium resorption mechanisms from

becoming quiescent and unable to respond to the
sudden calcium outflow that occurs at parturition.
Calcium intake during the dry period is usually
restricted by replacing some or all of the alfalfa in a
dry cow diet with a grass hay and using additional
corn silage and concentrates.

Milk Fever Prevention - Dietary Acidification
Dietary acidity or alkalinity is more important in
controlling milk fever than calcium intake.  The use
of diets low in dietary cation-anion difference
(DCAD) to prevent milk fever has been extensively
studied and reviewed (DeGaris and Lean, 2008).  A
large meta-analysis (Charbonneau et al., 2006)
demonstrated that reducing pre-fresh DCAD by 300
meq/kg of diet dry matter (a typical approach)
reduced the odds for clinical milk fever 5.1-fold,
reduced urinary pH from 8.1 to 7.0, and reduced dry
matter intake by 11.3%.  It is important to implement
a low DCAD strategy only in herds that already have
good intakes in the pre-fresh group and can
withstand an 11% intake reduction.  Despite the
expected decrease in pre-fresh dry matter intake,
post-fresh intakes are improved when low DCAD
diets are fed (Eppard et al., 1996, Joyce et al., 1997).
Beede et al. (1992) reported 3.6% more ME milk when
low DCAD diets are fed.

Milk Fever Prevention - Dietary Magnesium
Magnesium also plays an important role in
maintaining calcium homeostasis around calving
(DeGaris and Lean, 2008).  A large meta-analysis
(Lean et al., 2006) found that increasing dietary
magnesium greatly reduced the odds for clinical milk
fever.  Magnesium is known to participate in calcium
homeostasis via release of parathyroid hormone and
the synthesis of the active form of vitamin D (1,25
dihydroxycholecalciferol).  Total intakes of about 40
to 50 grams of dietary Mg (about 0.30 to 0.45% of diet
dry matter, depending on total dry matter intake)
have been suggested (DeGaris and Lean, 2008),
although this is complicated because of the
interactions between other dietary factors (DCAD,
dietary calcium, and dietary phosphorus).
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Management to support the metabolic adaptations
related to energy metabolism that a dairy cow
undergoes during the transition period and early
lactation is a critical factor in transition period success.
Energy balance is tightly linked with reproductive
performance (Butler and Smith, 1989), aspects of health
and immunity (LeBlanc, 2010), and markers of
excessive negative energy balance are generally
negatively associated with milk yield (Ospina et al.,
2010). Although a common notion is that milk yield is
the major driver of negative energy balance, several
data summaries (Santos et al., 2009; reviewed by
Grummer et al., 2010) suggest that the relationship of
negative energy balance is actually greater with dry
matter intake (DMI) than with milk yield.  Therefore,
the major determinant of successful management of
energy metabolism in transition cows may be the degree
and rate to which energy intake increases during the
early postpartum period.

Clearly, nutritional and environmental management of
dairy cattle during the dry and transition period have
important carryover ramifications both for DMI and
overall lactational and reproductive performance along
with health in early lactation. The purpose of this paper
is to briefly overview intake regulation in dairy cattle,
describe key metabolic changes in transition cows as
they integrate with intake regulation and then to review
key nutritional factors during both the prepartum and
postpartum period that impact peripartal DMI and
energy metabolism so that we can optimize energy and
nutrient intake and subsequent performance and health
outcomes.

INTAKE REGULATION IN DAIRY CATTLE
The first key concept to understand is that intake
regulation in dairy cattle is complex. The various
metabolic factors that influence DMI in dairy cattle were
well-reviewed by Ingvartsen and Andersen (2000) and
includes a variety of direct and indirect signals related to
the environment, immune system, adipose tissue, signals
from the gut and pancreas, and energy sensing of the
liver relative to overall energy demand (Figure 1). It is
likely that changes in these signals (and cow-to-cow
variation in response to various environmental and
metabolic stimuli) are responsible both for changes in
overall average pen DMI but also variation in cow to cow
DMI that likely is more associated with transition
management challenges than average pen DMI per se.

More recently, Allen and coworkers (Allen et al., 2005;
Allen et al., 2009) proposed that a major regulator of
DMI in ruminants, and particularly dairy cattle, was
hepatic energy status.  This is largely driven by
oxidation of fuels such as propionate derived from
ruminal fermentation of rapidly fermentable
carbohydrates and nonesterified fatty acids (NEFA),
which are increased in the bloodstream during periods
of negative energy balance and body fat mobilization
(Figure 2). In periods when oxidative fuel metabolism
by the liver exceeds liver energy requirements, the brain
is signaled to decrease DMI. As will be discussed more
in detail below, this theory is particularly attractive in
explaining metabolic influences on DMI during the
prepartum period. As will be described below,
modulation of these pathways, particularly by
propionate is less likely during the immediate
postpartum period because of the large increases in
liver energy demands along with other reasons that will
be discussed below.

METABOLIC ADAPTATIONS IN THE
TRANSITION COW
It is well-recognized that the dairy cows undergo
important metabolic adaptations during late pregnancy to
support fetal demands and at the onset of lactation to
support milk production. These homeorhetic adaptations
involved in the regulation of nutrient and energy
partitioning during late pregnancy and early lactation
occur in a variety of target tissues, and typically involve
changes in responses of tissues such as adipose tissue and
muscle to homeostatic signals such as insulin and
epinephrine (Bauman and Currie, 1980; Bell, 1995). As
described above, one major adaptation includes a large
increase in glucose demand by the mammary gland that is
supported by dramatically increased glucose output by
the liver (Reynolds et al., 2003). In addition, peripheral
tissues (primarily skeletal muscle) decrease their use of
glucose for fuel (Bauman and Elliot, 1983; Petterson et
al., 1993), thereby sparing glucose for use by the gravid
uterus and lactating mammary gland. Furthermore,
increased mobilization of body fat stores facilitated by
changes in adipose tissue metabolism contributes to
meeting increased whole-body needs for energy at the
onset of lactation (Petterson et al., 1994). The net result
of these adaptations is coordinated support of fetal needs
and subsequent high milk production in the face of
decreasing and eventually insufficient DMI during late
pregnancy and early lactation. 
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These changes in tissue metabolism that occur in dairy
cows during the transition period are mediated largely
by changes in responses to hormonal signals such as
insulin. Decreased responses of these tissues to insulin
are referred to in general terms as insulin resistance. As
referenced above, some aspects of insulin resistance
(such as those related to skeletal muscle) are very
favorable for support of pregnancy and lactation
because of glucose sparing for the fetus and lactating
mammary gland (Bell, 1995). At the same time, we
believe that insulin resistance in adipose tissue may
contribute to the increasing circulating concentrations
of NEFA and decreasing DMI as cows approach
calving. Allen et al. (2005) suggested that the increased
circulating concentrations of NEFA during late
pregnancy and subsequent oxidation of these NEFA by
the liver is the cause of the decreased DMI as cows
approach calving. Increased resistance of adipose tissue
to insulin would predispose to the cow to mobilize
NEFA, hence potentially creating a vicious cycle of
NEFA mobilization and DMI reduction during the late
prepartum period. This would also help to explain
metabolically why high body condition score (BCS)
cows have lower DMI and more rapid decreases in DMI
during the prepartum period than cows of moderate or
low BCS (Grummer et al., 2004).

Several years ago, we became interested in further
understanding the nature and timing of insulin
resistance, with specific focus on determining whether
the relationships of NEFA and DMI could be
modulated during the transition period. Initial research
conducted in our lab (Smith, 2004) suggested that
adipose tissue in periparturient dairy cows actually may
be more refractory to insulin during the prepartum
period than during the postpartum period. Subsequent
work also generally supported the concept that insulin
resistance may be greater during the prepartum period
than the postpartum period (Smith et al., 2006). 

As a result of this work and other circumstantial
evidence that accentuated insulin resistance during the
prepartum period contributes to lower peripartal DMI,
elevated NEFA concentrations, and increased body
condition score (BCS) loss during early lactation, we
wanted to determine whether specific modulation of
insulin resistance in adipose tissue during the prepartum
period would decrease NEFA mobilization and change
the patterns of DMI and NEFA during the transition
period. Using an experimental approach, we
administered compounds (thiazolidinediones; TZD)
analogous to those used to treat Type II diabetes in
humans to dairy cows during the prepartum period. In
the first study, TZD administration tended to decrease
circulating concentrations of NEFA and tended to
increase DMI during the period from 7 days before
calving until 7 days after calving (Smith et al., 2007).
Importantly, TZD administration did not appear to

interfere with the glucose sparing by peripheral tissues
that is important for support of pregnancy and
lactation. 

In a second study (Smith et al., 2009) conducted using
larger numbers of cows, we replicated the results of the
first experiment in that TZD administration during the
prepartum period decreased circulating NEFA
concentrations and increased DMI during the
immediate pre- and postpartum periods. In addition,
TZD administration improved postpartum energy
balance, decreased BCS loss, and decreased days to first
ovulation in treated cows. These results suggested that
specific modulation of insulin resistance in adipose
tissue could have very positive effects on metabolic
changes during the transition period and have
substantial carryover effects on the dynamics of
metabolism and performance during early lactation. It
should be noted that this work was conducted as proof
of concept relative to the mechanisms of metabolic
regulation; TZD currently is not available in a form that
can be used practically in the dairy industry and would
require regulatory approval before such use.

PREPARTUM NUTRITIONAL MANAGEMENT
AND RELATIONSHIPS WITH PERIPARTAL DRY
MATTER INTAKE
Although modulation of insulin resistance using
pharmaceutical approaches is intriguing, it causes us to
ask questions regarding which aspects of nutritional
management may influence insulin resistance. During
the past few years, energy nutrition of cows during the
dry period has received substantial renewed attention
(Drackley and Janovick-Guretzky, 2007) and an
increasing body of information suggests that energy
nutrition may interact with insulin resistance during the
late prepartum period.

For many years, the emphasis of researchers and
industry professionals was to maximize DMI in order
to ensure that cows consumed enough energy during the
dry period. This strategy was supported in part by
research that demonstrated that cows with lower NEFA
concentrations during the last two weeks before calving
on commercial dairy farms had decreased incidence of
most postcalving metabolic disorders (displaced
abomasum, ketosis, retained placenta, mastitis; Dyk,
1995). Given that higher DMI typically results in lower
circulating NEFA, the association between higher DMI
and improved health and performance was implied. Our
experience would suggest that many farms indeed had
improved health and performance when management
changes were implemented that increased DMI of cows,
particularly during the close-up period.
On the other hand, evidence suggests that plane of
nutrition, in particular energy intake during the
prepartum period, modulates the degree of insulin
resistance and hence the relationships between NEFA
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and DMI during the immediate peripartal period.
Mashek and Grummer (2003) reported that cows that
had larger decreases in DMI during the prepartum
period, generally because of higher DMI during weeks
3 and 4 before calving, had higher concentrations of
plasma NEFA and liver triglycerides during the
postpartum period. More direct experimental evidence
was provided by Douglas et al. (2006), who reported
that cows fed at 80% of calculated energy requirements
for the entire dry period had lower NEFA
concentrations during the postpartum period, lower
concentrations of both circulating glucose and insulin
during the prepartum period, and higher DMI during
the postpartum period than cows consuming 160% of
predicted energy requirements throughout the dry
period. Similarly, Holcomb et al. (2001) reported that
cows subjected to feed restriction during the late
prepartum period had blunted NEFA curves during the
periparturient period. In addition, Holtenius et al.
(2003) determined that cows that were dramatically
overfed (178% of calculated energy requirements) for
the last 8 weeks before calving had higher
concentrations of insulin and glucose during the
prepartum period, greater insulin responses to glucose
challenge during the prepartum period, and higher
concentrations of circulating NEFA during the
postpartum period than cows fed for 75 or 110% of
calculated energy requirements.  Furthermore, Agenas
et al. (2003) reported that the same cows fed for 178%
of calculated energy requirements prepartum had lower
DMI and prolonged negative energy balance during the
postpartum period compared with cows assigned to the
other two prepartum treatments. Dann et al. (2006)
demonstrated that overfeeding (150% of calculated
energy requirements) during the far-off  period may have
exacerbated insulin resistance as cows approached
calving, resulting in higher NEFA and BHBA and lower
DMI and energy balance during the first 10 days
postcalving. 

Recently, we compared responses to insulin through
glucose tolerance tests conducted on dry cows fed a
high energy, corn silage-based (~ 0.69 Mcal/lb of NEL;
170% of predicted energy requirements) ration versus a
high straw, bulky diet (~ 0.61 Mcal/lb of NEL; 119% of
predicted energy requirements; Schoenberg and
Overton, 2012).  Responses of NEFA to the glucose
tolerance test were more refractory in the cows fed the
high energy diet, suggesting that feeding the high energy
diet to dry cows accentuated the insulin resistance
expressed in adipose tissue.  Collectively, these results
support that overfeeding energy to dry cows results in
changes in metabolism that in turn likely predispose
cows to decreased DMI and higher NEFA during the
immediate peripartal period.
This knowledge has supported the evolution in
recommendations for energy nutrition of dairy cows
during both the far-off  and close-up periods during the
past several years, with the goal of meeting, but not

dramatically exceeding, energy requirements. My target
range for both the far-off  and close-up periods is
between 110 and 120% of energy requirements. In
practice, this can be achieved by formulating diets
during the far-off  period to contain no more than 0.59
to 0.63 Mcal/lb of NEL in order to achieve the target
NEL intake of approximately 15 to 17 Mcal for
Holsteins during this timeframe. During the close-up
period, conventional recommendations as described
above have been to maximize DMI, and hence energy
intake. Although this still applies in many herd
situations, we believe that some well-managed herds in
which close-up cows consume large amounts of feed (>
31 to 32 lbs/day of dry matter in comingled
cow/springing heifer groups) have increased rates of
metabolic disorders because of excessive energy intake
during the close-up period. Accordingly, some of these
herds have had success in moderating energy intake
during the close-up period in group-feeding situations
by incorporating straw or other low potassium, low
energy forage to lower overall dietary energy
concentration. Our recommendations would be to
formulate the close-up diet at approximately 0.64 to
0.66 Mcal/lb of NEL if  the group is a commingled
cow/heifer group and approximately 0.61 to 0.63
Mcal/lb of NEL if  the group is composed of mature
animals and DMI is high. This lower energy diet also
can be an acceptable one-group dry cow approach if
overall herd management dictates such an approach.
Diets formulated in these ranges will help to ensure
adequate, but not excessive energy intake within the
dynamics of group-feeding and competition among
animals. 

Diets formulated using a combination of corn silage and
straw to form the forage component of the diet typically
can have between 5 to 10 lbs of chopped straw, making
feeding management a critical component of
implementation of bulky, low energy dry cow diets. As
described by Drackley (2007), the three key components of
this implementation are 1) prevention of sorting, 2)
ensuring continuous and non-crowded access to the TMR,
and 3) careful monitoring of dry matter content and
attention to detail. Most of these diets will contain added
water in order to aid with prevention of sorting. A final
point relative to these types of diets is that it is important
to account for the metabolizable protein requirements of
the cow during late pregnancy. These diets typically
contain lower amounts of ruminally fermentable
carbohydrate than those that have been typically fed for
the last ten to fifteen years, and therefore will supply less
metabolizable protein from ruminal bacteria. Inclusion of
rumen-undegradable protein sources to result in total
metabolizable protein supply in the range of 1,100 to 1,200
g/d is critical for early lactation performance and overall
success. Furthermore, in anecdotal cases where these diets
have been linked with lower milk yield during early
lactation, I speculate that energy intake may have been
pushed too low, especially during the close-up period.
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POSTPARTUM NUTRITIONAL MANAGEMENT
AND RELATIONSHIPS WITH DRY MATTER
INTAKE AND METABOLISM IN EARLY
LACTATION
As is described in another paper in the proceedings
(Dann and Nelson, 2011), the amount of research
specifically conducted to explore the relationships of
postpartum nutritional management and the dynamics
of DMI and BCS during early lactation has been very
limited.  Allen et al. (2009) would suggest that feeding
highly fermentable diets to cows during early lactation
would decrease DMI and overall energy status.  I
contend that modulation of DMI by propionate during
very early lactation is less likely than at other phases of
lactation for several reasons.  First, NEFA likely are the
predominant oxidative fuel for liver during this period
and so any hypophagic effect of propionate would
depend upon NEFA supply to the liver.  Second, we
demonstrated that there is a positive correlation
between liver capacity to convert propionate to glucose
and fat free NEL intake (proxy for carbohydrate intake)
in cows at d 1 and 21 postcalving that does not exist
either before calving or at peak lactation (Drackley et
al., 2001).  This suggests that the liver has the capacity
to direct additional propionate toward glucose.  Third,
hepatic energy requirements increase dramatically at the
onset of lactation (Reynolds et al., 2003).  The first
point is supported by recent work (Stocks and Allen,
2011), in which they determined that the hypophagic
effects of propionate increased when hepatic acetyl CoA
concentrations are higher, as they would be if  cows were
mobilizing large amounts of adipose tissue with the
corresponding proportionate uptake of NEFA by the
liver.

The limited work in fresh cows (with the exception of
the results from Dann and Nelson, 2011) suggests that
feeding more fermentable diets during early lactation
does not decrease DMI or negatively impact other
aspects of performance and metabolic health.
Andersen et al. (2002; 2003) fed cows either a low (25%
concentrate) or high (75% concentrate) diet with whole
crop barley silage as the forage base from calving
through 8 wk postcalving.  Feeding the high energy diet
did not affect DMI, increased net energy intake and
milk yield, and did not affect BCS change in early
lactation.  Cows fed the high energy diet had greater
liver capacity to convert fatty acids to CO2, lower
capacity to convert fatty acids to triglycerides in liver,
and lower blood ketones (Andersen et al., 2002).

Rabelo et al. (2003; 2005) fed cows and first calf heifers
either low or high energy diets prepartum followed by
either low or high energy diets postpartum until d 20
postcalving, then all cows were fed the high energy diet
through d 70 postcalving.  The postcalving diets were
based upon alfalfa silage and corn silage – the “low”
energy diet contained 29.9% NDF and 41.4% NFC; the

“high” energy diet contained 24.9% NDF and 47.2%
NFC.  Cows fed the high energy diet postpartum tended
to have higher DMI and had higher energy intake from d
1 to 30; overall effects of treatment from d 1 to 70
postcalving were not significant.  Rates of increase of
milk production were greater for cows fed high energy
diets postcalving, and plasma concentrations of BHBA
were substantially lower for cows fed the high energy diet
on d 7 and 21 postcalving.

Although these studies (Andersen et al., 2002; Rabelo et
al., 2003) suggest that higher energy diets are preferable
during the postcalving period, the diets fed by Andersen
represent the extremes and those fed by Rabelo are both
higher energy diets by industry standards.  This area
certainly warrants active investigation.
SUMMARY AND CONCLUSIONS
Success in management of energy metabolism during
the transition period depends upon excellent
management in a number of different areas to manage
the dynamics of DMI and body condition mobilization
along with optimize performance.  Our understanding
of the metabolic regulation underpinning the changes
that occur in energy metabolism of cows during the
transition period is increasing, and with this
understanding has come new potential opportunities for
enhancing transition cow health and performance.
Controlling energy intake of cows during the prepartum
period (both far-off  and close-up) is an important
factor that predisposes cows to smoother adaptations to
lactation.  Furthermore, available information suggests
that feeding higher energy diets (or not feeding a diet
lower in energy than the high cow diet) promotes higher
energy intake and milk yield along with better
metabolic status during the postpartum period.

REFERENCES
Agenas, S., E. Burstedt, and K. Holtenius. 2003. Effects of

feeding intensity during the dry period. 1. Feed intake,
body weight, and milk production. J. Dairy Sci. 86:870-
882.

Allen, M. S., B. J. Bradford, and K. J. Harvatine. 2005. The
cow as a model to study food intake regulation. Ann. Rev.
Nutr. 25:523-547.

Allen, M. S., B. J. Bradford, and M. Oba. 2009. The hepatic
oxidation theory of the control of feed intake and its
application to ruminants. J. Anim. Sci. 87:3317-3334.

Andersen, J. B., N. C. Friggens, K. Sejrsen, M. T. Sorensen, L.
Munksgaard, and K. L. Ingvartsen. 2003. Livest. Prod.
Sci. 81:119-128.

Andersen, J. B., T. Larsen, M. O. Nielsen, and K. L.
Ingvartsen. 2002. Effect of energy density in the diet and
milking frequency on hepatic long chain fatty acid
oxidation in early lactating dairy cows. J. Vet. Med. A
49:177-183

Bauman, D. E., and W. B. Currie. 1980. Partitioning of
nutrients during pregnancy and lactation: a review of
mechanisms involving homeostasis and homeorhesis. J.
Dairy Sci. 63:1514-1529.

Bauman, D. E. and J. M. Elliot. 1983. Control of nutrient
partitioning in lactating ruminants. In Biochemistry of
Lactation. T. B. Mepham (ed.). Elsevier Science

89



Publishers, Amsterdam, NL, pp. 437-468.
Bell, A. W. 1995. Regulation of organic nutrient metabolism

during transition from late pregnancy to early lactation. J.
Anim Sci. 73:2804-2819.

Butler, W. R., and R. D. Smith. 1989. Interrelationships
between energy balance and postpartum reproductive
function in dairy cattle. J. Dairy Sci. 72:767-783.

Dann, H. M., N. B. Litherland, J. P. Underwood, M. Bionaz,
A. D’Angelo, J. W. McFadden, and J. K. Drackley. 2006.
Diets during far-off  and close-up dry periods affect
periparturient metabolism and lactation in multiparous
cows. J. Dairy Sci. 89:3563-3577.

Dann, H. M., and B. H. Nelson. 2011. Early lactation diets
for dairy cattle – focus on starch.  Proceedings, Cornell
Nutrition Conference for Feed Manufacturers. Syracuse,
NY.

Douglas, G. N., T. R. Overton, H. G. Bateman II, H. M.
Dann, and J. K. Drackley. 2006. Prepartal plane of
nutrition, regardless of dietary energy source, affects
periparturient metabolism and dry matter intake in
Holstein cows. J. Dairy Sci. 89:2141-2157.

Drackley, J. K. 2007. Energy for dry and transition cows
revisited. Proceedings, 8th Fall Dairy Conference. PRO-
DAIRY and College of Veterinary Medicine, Cornell
University, Ithaca, NY. pp. 69-78.

Drackley, J. K., and N. A. Janovick-Guretzky. 2007.
Controlled energy diets for dry cows. Proceedings, 8th
Western Dairy Management Conference, Reno, NV.
Oregon State Univ., Corvallis, pp. 7-16.

Drackley, J. K., T. R. Overton, and G. N. Douglas. 2001.
Adaptations of glucose and long-chain fatty acid
metabolism in liver of dairy cows during the
periparturient period. J. Dairy Sci. 84:E100-E112.

Dyk, P. B. 1995. The association of prepartum non-esterified
fatty acids and body condition with peripartum health
problems on 95 Michigan dairy farms. M. S. Thesis,
Michigan State University, East Lansing.

Grummer, R. R., D. G. Mashek, and A. Hayirli. 2004. Dry
matter intake and energy balance in the transition period.
Vet. Clin. Food Anim. 20:447-470.

Grummer, R. R., M. C. Wiltbank, P. M. Fricke, R. D.
Watters, and N. Silvia-Del-Rio. 2010. Management of dry
and transition cows to improve energy balance and
reproduction. J. Reprod. Dev. 56:S22-S28.

Holcomb, C. S., H. H. Van Horn, H. H. Head, M. B. Hall,
and C. J. Wilcox. 2001. Effects of prepartum dry matter
intake and forage percentage on postpartum performance
of lactating dairy cows. J. Dairy Sci. 84:2051-2058.

Holtenius, K., S. Agenas, C. Delavaud, and Y. Chilliard. 2003.
Effects of feeding intensity during the dry period. 2.
Metabolic and hormonal responses. J. Dairy Sci. 86:883-
891.

Huzzey, J. M., and T. R. Overton. 2010. Measuring the effect
of stress during the transition period on subsequent
health and performance of dairy cattle. Proceedings,
Cornell Nutrition Conference for Feed Manufacturers.
Syracuse, NY. pp. 76-86.

Ingvartsen, K. L., and J. B. Andersen. 2000. Integration of
metabolism and intake regulation: A review focusing on
periparturient animals. J. Dairy Sci. 83:1573-1597.

LeBlanc, S. 2010. Monitoring metabolic health of dairy cattle
in the transition period. J. Reprod. Dev. 56:S29-S35.

Mashek, D. G., and R. R. Grummer. 2003. The ups and
downs of feed intake in prefresh cows. Proc. Four-State
Nutr. Conf. LaCrosse, WI. MidWest Plan Service
publication MWPS-4SD16. pp. 153-158.  

Ospina, P. A., D. V. Nydam, T. Stokol, and T. R. Overton.
2010. Associations of elevated nonesterified fatty acids
and beta-hydroxybutyrate concentrations with early

lactation reproductive performance and milk production
in transition dairy cattle in the northeastern United States.
J. Dairy Sci. 93:1596-1603. 

Petterson, J. A., F. R. Dunshea, R. A. Ehrhardt, and A. W.
Bell. 1993. Pregnancy and undernutrition alter glucose
metabolic responses to insulin in sheep. J. Nutr. 123:1286-
1295.

Petterson, J. A., R. Slepetis, R. A. Ehrhardt, F. R. Dunshea,
and A. W. Bell. 1994. Pregnancy but not moderate
undernutrition attenuates insulin suppression of fat
mobilization in sheep. J. Nutr. 124:2431-2436.

Rabelo, E., R. L. Rezende, S. J. Bertics, and R. R. Grummer.
2005. Effects of pre- and postfresh transition diets varying
in dietary energy density on metabolic status of
periparturient dairy cows. J. Dairy Sci. 88:4375–4383.

Rabelo, E., R. L. Rezende, S. J. Bertics, and R. R. Grummer.
2003. Effects of transition diets varying in dietary energy
density on lactation performance and ruminal parameters
of dairy cows.  J. Dairy Sci. 86:916–925.

Reynolds, C. K., P. C. Aikman, B. Lupoli, D. J. Humphries,
and D. E. Beever. 2003. Splanchnic metabolism of dairy
cows during the transition from late gestation through
early lactation. J. Dairy Sci. 86:1201-1217.

Santos, J.E.P., H. M. Rutigliano, and M. F. S’a Filho. 2009.
Risk factors for resumption of postpartum estrous cycles
and embryonic survival in lactating dairy cows. Anim.
Reprod. Sci. 110:207–221.

Schoenberg, K. M., and T. R. Overton. 2012. Effects of plane
of nutrition and 2,4-thiazolidinedione on insulin
responses and adipose tissue gene expression in dairy
cattle during late gestation. J. Dairy Sci. 95:670-682.

Smith, K. L. 2004. Effects of prepartum carbohydrate source
and chromium supplementation in dairy cows during the
periparturient period. M. S. Thesis. Cornell Univ., Ithaca,
NY.

Smith, K. L., W. R. Butler, and T. R. Overton. 2009. Effects
of prepartum 2,4-thiazolidinedione on metabolism and
performance in transition dairy cows. J. Dairy Sci.
92:3623-33.

Smith, K. L., A. K. Rauf, B. C. Benefield, A. W. Bell and T.
R. Overton. 2006. Responses of tissues to insulin as
affected by homeorhetic state in dairy cattle. J. Dairy Sci.
89(Suppl. 1):352. (Abstr.).

Smith, K. L., S. E. Stebulis, M. R. Waldron, and T. R.
Overton. 2007. Prepartum 2,4-thiazolidinedione alters
metabolic dynamics and dry matter intake of dairy cows.
J. Dairy Sci. 90:3660-3670.

Stocks, S. E., and M. S. Allen. 2011. Hypophagic effects of
propionate are greater for cows with elevated hepatic
acetyl CoA concentrations. J. Dairy Sci. 94(E. Suppl.
1):512. (Abstr.)

90



Figure 1. “Simplified” diagram on intake regulation in dairy
cattle. From Ingvartsen and Andersen, 2000.

Figure 2. Mechanisms of intake regulation according to the
hepatic oxidation theory.  From Allen et al., 2009.
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Overview
Blood metabolites have been used in herd-level
diagnostics of transition cow management for a
number of years (Ingraham and Kappel, 1988; Herdt,
2000; Oetzel, 2004), mostly with focus on identifying
opportunities to decrease the incidence of metabolic
disorders related to energy metabolism. Recently,
there has been a resurgence of interest in the use of
blood metabolites, primarily nonesterified fatty acids
(NEFA) and beta-hydroxybutyrate (BHBA) for
evaluation of transition cow programs.  This
resurgence is largely based on recent findings that
both NEFA and BHBA are associated with
economically important herd parameters beyond
metabolic disease incidence, namely milk production
and reproductive performance. In addition, the
increased availability of accurate cow-side tests for
BHBA in blood (Precision Xtra, Abbott Laboratories)
and milk (KetoTest, Elanco Animal Health) has made
routine evaluation of BHBA in herds simple, fast, and
low cost. In light of these findings, new research has
begun to evaluate the relationships of biomarkers
related to stress and inflammation [e.g. plasma
haptoglobin (Hp) and fecal cortisol metabolites
(FCORT)] with metabolic disease and milk
production in order to identify other useful and
physiologically relevant markers for herd-level
diagnostics and evaluation of transition cow
programs. This paper reviews our recent findings in
these areas and provides recommendations on how
these markers should be interpreted for evaluating
transition cow programs.

Use of Analytes Related to Energy Metabolism –
NEFA & BHBA
Oetzel (2004) characterized well the typical use of
blood analytes related to energy metabolism in
transition management diagnostics – NEFA during
the prepartum period to assess precalving energy
status and BHBA during the postpartum period to
assess incidence of subclinical (and clinical) ketosis.
This approach was supported in part by work
conducted in Michigan (Cameron et al., 1998) that
associated increased prepartum concentrations of
NEFA, reflective of negative energy balance, with a
greater incidence of displaced abomasum. Duffield et
al. (1998) defined and characterized subclinical
ketosis in herds in Ontario during the postpartum

period and demonstrated that administration of
monensin in a controlled-release capsule would
decrease the incidence of subclinical ketosis in dairy
cows during early lactation.

Recently, our group conducted a large-scale
evaluation of the associations of prepartum NEFA
and postpartum NEFA and BHBA with postpartum
health, milk production, and reproductive
performance in dairy herds in the northeastern US
(Ospina et al., 2010a, 2010b, 2010c). In order to have
been included in the study a herd must have: 1) had
greater than 250 milking cows, 2) housed cows in
free-stalls, 3) fed a total mixed ration (TMR), and 4)
participated in DHIA and/or use Dairy Comp 305
(Valley Ag. Software, Tulare CA).  Farms were visited
once and during the farm visit two cohorts of animals
were selected:  those 14 to 2 days prepartum and
those 3 to 14 days postpartum.  Within each cohort,
convenience samples of 15 apparently healthy
animals were evaluated.  Briefly, 10 mL of blood was
collected from the coccygeal vein or artery into a red-
top tube. The sera from the prepartum cohort were
analyzed for NEFA and the sera from animals
sampled after calving were analyzed for NEFA,
BHBA. For all animals sampled, the incidence of the
diseases of interest [displaced abomasum (DA),
clinical ketosis (CK), and metritis (MET) and/or
retained placenta (RP)] within 30 days in milk, time
to pregnancy within 70 days post voluntary waiting
period and Mature Equivalent 305 (ME 305) milk at
120 days in milk were recorded. The final dataset
included 100 herds with an average herd size of 840
cows.  A total of 2758 cows were sampled within
these herds (1440 animals sampled prepartum and
1318 sampled postpartum) with an approximate
distribution of 35% primiparous (entering first
lactation) and 65% multiparous (entering second or
greater lactation) cows.

Critical threshold values for prepartum NEFA and
postpartum NEFA and BHBA and the associated risk
ratios for disease are presented in Table 1.  If animals
had prepartum serum NEFA concentrations greater
than about 0.30 mEq/L, they were twice as likely to
develop one or more of the diseases of interest.
Animals with postpartum serum NEFA and BHBA
concentrations greater than about 0.60 mEq/L and 10
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mg/dL, respectively, were four times as likely to
develop one of more of the diseases of interest than
animals with lower concentrations of these
metabolites.  The risk ratio for individual disorders
varied widely within these groups.  These results are
consistent with prior work and support the
importance of maintaining adequate energy intake
prepartum and controlling body condition score loss
and overall energy status during the postpartum
period with respect to disease.

The relationships of prepartum NEFA and
postpartum NEFA and BHBA with reproductive
performance for the first 70 days after voluntary
waiting period are described in Table 2.  Animals
with prepartum NEFA greater than about 0.3 mEq/L
were nearly 20% less likely to become pregnant than
animals with lower concentrations.  Animals with
greater than about 0.70 mEq/L of NEFA (while
controlling for BHBA) and/or greater than 10 mg/dL
of BHBA were 13 to 16% less likely to become
pregnant than animals with lower concentrations.  In
all models, multiparous cows were less likely than
primiparous cows to become pregnant in the first 70
days following the voluntary waiting period.

Associations of analytes related to energy metabolism
with subsequent milk production (assessed as
mature-equivalent 305-day lactational milk, predicted
at approximately 120 DIM) are depicted in Table 3.
Regardless of parity, animals with greater than about
0.3 mEq/L of NEFA during the prepartum period
had nearly 700 kg less ME305 projected milk than
animals with lower concentrations. During the
postpartum period, there were interesting differences
in associations of energy-related analytes with milk
production depending upon parity. In primiparous
cows (heifers), postpartum NEFA concentrations
greater than about 0.6 mEq/L and BHBA
concentrations over about 9 mg/dL were associated
with increased milk yield. In multiparous cows,
postpartum NEFA concentrations greater than about
0.7 mEq/L and BHBA concentrations greater than
about 10 mg/dL were associated with lower
predicted milk yield.

Among animals sampled during the prepartum
period (2 to 14 days before calving), 45% of
primiparous animals and 26% of multiparous cows
had NEFA concentrations at or above 0.3 mEq/L.
Among animals sampled during the postpartum
period (3 to 14 days after calving), 25% of
primiparous animals and 33% of multiparous cows
had NEFA concentrations at or above 0.7 mEq/L.
Furthermore, 15% of primiparous animals and 27% of
multiparous cows had BHBA concentrations at or
above 10 mg/dL. In the vast majority of participating
farms, primiparous and multiparous animals would

have been commingled during the period before
calving– these results suggest that heifers in
particular may be compromised from the standpoint
of energy intake relative to requirements in these
systems. Furthermore, these energy-related analytes
appear more likely to be elevated in multiparous
cows than primiparous cows during the period after
calving.

Ospina et al. (2010c) also used this dataset to compare
herds with greater than 15% of animals over the
critical thresholds for the analytes during the
prepartum and postpartum periods with those with
less than 15% of animals over the thresholds during
each period and results from this analysis are
presented in Table 4.  It should be noted that the
numbers in this table reflect the associations among
all animals in the herd, not just sampled animals in
the study. As suggested by the results in the table,
those herds with more than 15% of animals with
prepartum NEFA and/or postpartum NEFA and
BHBA over the critical thresholds had slightly greater
disease incidence, poorer reproductive performance,
and lower ME305 projected milk yield in both
primiparous and multiparous cows.  In the U.S.
system, the associations of these analytes at the herd-
level with decreased milk yield and poorer
reproductive performance would be much more
economically meaningful than those with disease
incidence.

In terms of practical application of this information,
we believe that measurement of energy-related
analytes is a useful tool for monitoring herds,
evaluation of potential opportunities for improved
transition cow management, or diagnostics. In terms
of the target windows, we recommend sampling 12 to
15 cows per group within the windows of interest
described above – prepartum samples should be
analyzed for NEFA and postpartum samples can be
analyzed for NEFA and/or BHBA. The cowside
blood or milk tests for BHBA described above are
very accurate and represent an excellent first step or
front line analysis because of convenience and cost.
Because the incidence of herds with high postpartum
NEFA in our dataset was much greater than that with
high postpartum BHBA, we would encourage
practitioners and consultants to take the extra step
and consider analysis for postpartum NEFA in
situations where they believe that early lactation milk
production and reproductive performance are
compromised yet the BHBA data are unrevealing.
Finally, prepartum NEFA continue to be useful in
helping to identify situations in which larger than
desired proportions of prepartum cows have
compromised energy status.
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Table 5 describes three possible outcomes and
potential interpretations for a herd to consider after
NEFA and/or BHBA evaluation in prepartum and
postpartum groups. If NEFA is elevated in prepartum
cows, it is generally a good signal that either energy
intake as a whole is inadequate or
facility/management issues exist and are causing
significant cow to cow variation in DMI and hence
NEFA concentration. Independent of postpartum
analyte values, we associate elevated prepartum
NEFA with negative disease, reproductive, and
production outcomes at the herd level (Table 4). The
most likely analyte pattern for a herd that is
overfeeding energy either far-off or close-up is low
NEFA values prepartum but high NEFA and/or BHB
values postpartum. Herds and consultants should
remember, however, that a number of factors specific
to either nutritional management or facility/grouping
management also can elevate postpartum
concentrations of NEFA and/or BHB independent of
prepartum values. Typically, when herds are overfed
either far-off or close-up, we see a subsequent rapid
and marked loss of BCS among fresh cows – NEFA
testing of the fresh cows can help to confirm this.

Potential field-based markers for inflammation and
stress in transition cows
An emerging area of focus within our research group
is in understanding the relationship of inflammation
and stress with transition cow health and
performance (Huzzey et al., 2011; Huzzey and
Overton, 2010). We envision that biomarkers related
to inflammation [e.g. Haptoglobin (hp)] or stress
[fecal cortisol metabolites (FCORT)] could also be
useful for evaluating the effects of non-nutritional
management factors, such as overstocking or
commingling of cows and heifers, on physiology.
Haptoglobin is an acute phase protein that is
synthesized and released by liver as part of the
inflammatory response and has been shown to be
elevated in cows with metritis (Huzzey et al., 2009).
Although there are many acute phase proteins, Hp
has been of particular interest for the detection of sick
animals due to its very low concentrations in the
blood of healthy animals (Eckersall, 2000). Fecal
cortisol metabolites are reflective of circulating
concentrations of cortisol approximately 10 to 12
hours prior to the collection of the fresh fecal sample.
Concentrations of FCORT have been suggested to be
a better indictor of physiological stress responses
than direct measurements of plasma cortisol due to
the feedback-free nature of the sampling method
(Palme et al., 1999). Restraint and handling, which are
required during blood sampling, can cause a
physiological stress response and raise circulating
cortisol concentrations quickly (Cook et al., 2000).
Further, the release of cortisol from the adrenal gland
during the day is pulsatile and has a diurnal cycle

that is subject to substantial individual variation.
Because FCORT does not have the same limitations
relative to sampling, as does serum or plasma
cortisol, it offers a potential way to study activation
of the hypothalamic-pituitary-axis in response to
exposure to stressors.   

To evaluate whether prepartum physiological
indicators of stress and inflammation were associated
with the occurrence of health disorders after calving
and milk yield, data were collected from 412 cows on
two commercial dairies in New York State. Farms
were visited weekly to collect blood, fecal samples,
and BCS. Sampling began approximately 4 wk prior
to each cow’s expected calving date. One blood and
fecal sample per cow was collected between d -21 to -
15 relative to the actual calving date to represent wk -
3, d -14 to -8 (wk -2), and d -7 to -2 (wk -1).
Prepartum plasma was analyzed for NEFA, Hp, and
cortisol and FCORT concentrations (11,17-
dioxoandrostanes) were determined from fecal
samples. 

Health events occurring within 30 DIM, including
retained placenta (RP), displaced abomasum (DA),
and death (not including voluntary culls) were
collected from DairyCOMP 305. A postpartum blood
sample was collected within 3 to 10 d after calving.
Based on this postpartum blood sample, sub-clinical
ketosis (SCK) was diagnosed when plasma BHBA
was ≥ 10 mg/dl (Ospina et al., 2010a) and High
Haptoglobin (HiHp, suggestive of an infection such
as metritis) was diagnosed when plasma Hp was ≥ 1
g/L (Huzzey et al., 2009). Cows were divided into 3
health categories for statistical analysis: 1) No
disorder of interest (NDI); 2) One disorder (RP, DA,
SCK, or HiHp); or 3) More than one disorder (RP,
DA, SCK, HiHp) or death.

As expected prepartum plasma NEFA was a strong
predictor of postpartum health; however, this
relationship was dependent on the degree of illness
after calving. Cows that developed multiple disorders
after calving or that died had the greatest
concentrations of NEFA, relative to the other two
health categories, particularly during the 2-week
period before calving. There were no associations
between prepartum Hp or FCORT concentration and
the occurrence of one disorder (RP, DA, SCK or
HiHP) by 30 DIM. Hp concentration tended to be
greater during wk -2 and -1 and FCORT tended to be
greater during wk -3 and -2 for cows that developed
more than one disorder or that died by 30 DIM
relative to cows the NDI category; however, neither
of these analytes could predict which cows would go
on to develop health complications as well as
prepartum NEFA concentration (Huzzey et al., 2011).
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In order to evaluate the relationships of these
analytes with subsequent milk yield, herd DC305
records were used to collect information on each
cows predicted 305ME from the 2nd test day
(approximately 62 DIM). A range of metabolic
cutpoints were evaluated for each period and the
effect of being above or below the cutpoint on
predicted 305ME was then evaluated (Huzzey and
Overton, 2010). 

Projected 305ME milk yield tended to be 2328 lbs
lower in heifers with haptoglobin concentrations >
1.1 g/L during weeks -3 and -2, relative to heifer
below this cutpoint. Multiparous cows with
haptoglobin > 1.1 g/L during weeks -2, -1 or +1 had
on average 3315 lbs lower projected 305ME milk
yield (Figure 1), relative to multiparous cows below
this cutpoint.  

There was no association between plasma cortisol
and milk yield at any period relative to calving for
either multiparous or primiparous cows (data not
shown). Concentrations of FCORT were not
significantly associated with 305ME milk yield in
primiparous cows; however, multiparous cows with
FCORT > 2500 ng/g fecal DM during weeks -3 or -2
relative to calving had on average 2429 lbs lower
305ME milk yield relative to cows below this
cutpoint. Projected 305ME milk yield was 2926 lbs
lower among MP cows with fecal cortisol metabolites
> 700 ng/g fecal DM during week +1 (Figure 2). 

In summary, cows with higher concentrations of
NEFA (data not shown; with the exception of heifers
during week +1), haptoglobin, or fecal cortisol
metabolites around calving have lower projected
305ME at the 2nd test day and these associations are
apparent up to 3 weeks prior to the onset of lactation.
While higher concentrations of NEFA, Hp, and
FCORT are associated with lower predicted milk
yield, the significance of these relationships was
stronger for Hp and FCORT relative to NEFA,
particularly when these analytes are measured
during the week after calving. If we focus on the
postpartum period it is also appears that both Hp
and FCORT are more sensitive to 305ME milk yield
projections than NEFA; the magnitude of the
difference in projected 305ME between those animals
that were above versus below the indicated cutpoints
were much greater when using HP or FCORT to
predict these differences compared to NEFA. Finally,
a greater proportion of animals were above the Hp
and FCORT cutpoints during week +1 then were
above the NEFA cutpoint. These results suggest that
haptoglobin or fecal cortisol metabolites may be
alternative and perhaps more effective analytes for
detecting cows at risk for reduced milk yield, than
NEFA.  Our next step for this research will be to

determine how herds vary in the concentrations of
these analytes and how management factors impact
these measures on dairy farms.

Summary and conclusions
Circulating concentrations of energy-related
metabolites (prepartum NEFA and postpartum NEFA
and/or BHBA) are highly associated with
postpartum outcomes relative to disease, milk
production, and reproductive performance in dairy
cattle.  As such, they can be an important component
of evaluation of transition cow programs.  Our recent
data suggest that associations of elevated
concentrations of these metabolites during the
prepartum and postpartum period with subsequent
milk yield and reproductive performance may be
more meaningful at the farm level than their
associations with metabolic disease.  Because of
convenience and cost, evaluation of postpartum
BHBA in milk or blood at the farm level is a preferred
first-line monitoring tool, although prepartum and
postpartum NEFA concentrations in serum or plasma
can provide additional insight into transition
management opportunities.  New research from our
group suggests that elevated concentrations of
biomarkers related to inflammation and stress
(plasma haptoglobin and fecal cortisol metabolites)
during the transition period also are associated with
decreased milk yield in early lactation – we will be
conducting further research to develop these as
potential tools to help identify opportunities for
improved transition cow management.
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Table 1.  Receiver operator characteristic (ROC) curve determination of critical NEFA (mEq/L) and BHBA (mg/dL)
thresholds as predictors of disease and risk ratios of disease based upon these critical thresholds (Ospina et al.,
2010b).

Prepartum cohort (2 to 14 days prepartum)
Disease Critical prepartum Risk 95 % P-value 

NEFA1 Ratio CI2
DA 0.27 2.0 1.1 – 3.7 0.03 
CK 0.26 1.8 1.2 – 2.5 0.001 
Met and/or RP 0.37 2.2 1.6 – 3.0 < 0.0001 
Any of the three 0.29 1.8 1.4 – 2.2 < 0.0001 

Postpartum cohort (3 to 14 days postcalving)
Disease Critical postpartum Risk 95 % P-value 

NEFA1 Ratio CI2

DA 0.72 9.7 4.2 – 22 <0.0001 
CK 0.57 5.0 2.3 – 11 <0.0001 
Met  0.36 17 2.0 – 134 0.008 
Any of the three 0.57 4.4 2.6 – 7.3 < 0.0001 
Disease Critical BHBA1 Risk 95 % P-value 

Ratio CI2

DA 10 6.9 3.7 – 12.9 <0.0001 
CK 10 4.9 3.2 – 7.3 <0.0001 
Met  7 2.3 1.1 – 5.1 0.037 
Any of the three 10 4.4 3.1 – 6.3 <0.0001 1
Highest combination of specificity and sensitivity based upon ROC analysis2
Risk ratio confidence interval

Table 2. Cox proportional hazard model of the effect of NEFA (mEq/L) and/or BHBA (mg/dL), covariates, and
animals clustered within herds on days to conception after voluntary waiting period (Ospina et al., 2010a).

Sampled population Variable Hazard P-value
Prepartum cohort NEFA ≥ 0.27 0.81 0.01

Parity 0.73 0.001
Postpartum cohort NEFA ≥ 0.72 0.84 0.05

BHBA ≥ 10 0.93 0.4
Parity 0.81 0.01

Postpartum cohort BHBA ≥ 10 0.87 0.1
Parity 0.80 0.01

Table 3.  Mixed models for the effect of NEFA (mEq/L) and/or BHBA (mg/dL), covariates, and herd as a random
effect on milk production assessed as ME305 milk at 120 days in milk (Ospina et al., 2010a).

Sampled Population Variable Difference in ME milk yield (kg) P-value
Prepartum NEFA ≥ 0.33  -683 0.001

Parity -556 0.01
Postpartum -- heifers NEFA ≥ 0.57 +488 0.02

BHBA ≥ 10 -143 0.5
Postpartum -- heifers BHBA ≥ 9 +403 0.04
Postpartum -- cows NEFA ≥ 0.72 -647 0.001

BHBA ≥ 10 -165 0.4
Postpartum - cows BHBA ≥ 10 -393 0.04
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Table 4. Herd-level impacts of elevated prepartum and postpartum nonesterified fatty acids (NEFA) and
postpartum beta-hydroxybutyrate (BHBA) in commercial dairy farms (Ospina et al., 2010c)

Metabolite level Herd alarm Herd-level impact
Prepartum NEFA (14 to 2 d prepartum) >15% -1.2% 21-d pregnancy
> 0.3 mEq/L + 3.6% disease incidence

- 282 kg ME305 milk

Postpartum NEFA (3 to 14 d postpartum) >15% - 0.9% 21-d pregnancy rate
> 0.6 (heifers) – 0.7 (cows) mEq/L > 15% + 1.7% disease incidence

Heifers: - 288 kg ME305 milk
Cows: -593 kg ME 305 milk

Postpartum BHBA (3 to 14 d postpartum) > 15% - 0.8% 21-d pregnancy rate
> 10 (cows) – 12 (heifers) mg/dL 1.8% disease incidence

> 20%* *Heifers: -534 kg ME305 milk
Cows: -358 kg ME 305 milk

15% of 15 animals sampled = 2 to 3 animals over threshold; 90% confidence interval that it sample represents herd
prevalence

Table 5. Interpretation of energy-related metabolites [nonesterified fatty acids (NEFA) and beta-hydroxybutyrate
(BHBA)] to assess herd-level opportunities.

Scenario Likely cause and possibilities
High prepartum NEFA Likely starting with low DMI in close-up cows
High postpartum NEFA and/or BHBA Too low energy in prefresh diet, facility and/or management

issues (grouping, stocking density, heat stress?)
High prepartum NEFA Low DMI in close-up cows
Low postpartum NEFA and/or BHBA Sampling the survivors in the fresh pen?

Is herd outmanaging or putting band-aids on fresh cow issues?
Low prepartum NEFA Is herd overfeeding energy either far-off or close-up?
High postpartum NEFA and/or BHBA Diet or facility/management issues specific to maternity/fresh

group
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Figure 1. Difference in predicted 305ME milk yield for cows above the indicated Haptoglobin (Hp)
cutpoints relative to cows that are below the cutpoints

Figure 2. Difference in predicted 305ME milk yield for cows above the indicated fecal cortisol metabolite
(FCORT) cutpoints relative to cows that are below the cutpoints

1 Current affiliation:  Animal Welfare Program, University of British Columbia, Vancouver BC
2 Contact at 272 Morrison Hall, Ithaca, NY 14853. Phone (607) 255-2878 Email tro2@cornell.edu
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Background
Ketosis has emerged as the most common metabolic
disease of dairy cattle.  About 30% of cows have
elevated blood BHBA concentrations in early
lactation (Oetzel, 2004).  Individual herds can have
much higher rates (McArt et al., 2011) (McArt et al.,
2012).  Cows affected with ketosis have been well-
documented to have reduced milk yield, increased
risk for metritis, and increased risk for DA (Dohoo
and Martin, 1984, Duffield et al., 2009, Ospina et al.,
2010).  Early detection using a cowside blood
β−hydroxybutyrate (BHBA) test and prompt
treatment with oral propylene glycol significantly
reduces the losses associated with ketosis (McArt et
al., 2012, McArt et al., 2011).

Human patients with Type I diabetes mellitus are at
risk for diabetic ketoacidosis and often need to
monitor their blood BHBA concentrations.
Monitoring blood BHBA is superior to monitoring
urine acetoacetate using urine test strips.  Abbott
Laboratories has developed a very small hand-held
meter (Precision XtraTM) that measures either whole
blood BHBA or whole blood glucose.  As far as we
know, no other human glucometer can also function
as a ketometer (i.e., able to measure blood BHBA).
The Precision XtraTM meter gives excellent results for
measuring whole blood BHBA in cows.  No
additional calibration or adjustment from the human
system is needed.

The Precision XtraTM ketone monitoring system is a
simple and direct electrochemical test (which may
explain why it works well for both human and
bovine blood).  The ketone test strip contains the
enzyme �-hydroxybutyrate dehydrogenase, which
oxidizes BHBA to acetoacetate.  This reduces NAD+

to NADH.  The NADH is then reoxidized to NAD+

by an electron transfer mediator molecule.  The
electrical current generated by this conversion is
measured by the meter and is directly proportional to
the BHBA concentration.

Equipment Needed for Cowside Blood BHBA
Testing

1. Abbott Precision XtraTM meter
These meters retail are available from most
veterinary distributors for about $50.  Most human
pharmacies also stock the meters, but they
typically retail for about $75 to $90.  Sometimes
the meters can be found on sale at human
pharmacies.  Contact Abbott Animal Health
Customer Service (888-299-7416) for updated
information about veterinary suppliers of the
meters.

2. Abbott Precision XtraTM Blood Ketone test strips
The blood ketone test strips (which measure
BHBA) are sold in boxes of 10 strips each.  Expect
to pay about $13 to $15 for a box of 10 strips ($1.30
to $1.50 per strip) through a veterinary distributor.
Contact Abbott Animal Health Customer Service
(888-299-7416) for updated information about
veterinary suppliers of the blood ketone test strips.
Most human pharmacies do not stock the blood
ketone strips routinely but can order them.  Expect
to pay about $40 to $75 for a box of 10 strips ($4.50
to $7.50 per strip) if purchased through a human
pharmacy or on-line human pharmacy distributor.

Spending $1.50 per BHBA test is cheaper than
sending a blood sample to a lab for BHBA testing,
but more expensive than cowside urine or milk
tests.  Cowside urine and milk tests are not as
accurate as the blood tests.

If you find the blood ketone strips at a very cheap
price (eBay, other web vendors) then they may be
very short-dated or even out of date.  Out of date
strips cannot be used - the meter will give an error
message and will not display a ketone reading.

On-Farm Ketosis Monitoring
Garrett R. Oetzel, DVM, MS

School of Veterinary Medicine, University of Wisconsin-Madison
2015 Linden Drive, Madison, Wisconsin  53706

groetzel@wisc.edu
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How to Use the Cowside Blood BHBA Test in Cattle
1. Remove a ketone test strip from its foil packet and
insert it into the meter (with the contact bars on
the test strip facing up).  The meter will
automatically turn itself on, recognize the lot
number of the test strip, and prompt you that it is
ready for the blood sample to be applied to the
end of the test strip.  Make sure that the displayed
lot number on the meter is the same as the lot
number on the test strip.  Note that you must put
the ketone calibrator strip (one of these is
provided in each box of 10 strips) into the meter
the first time you use a test strip from a new box
of 10 test strips.  The meter then “remembers” this
lot of test strips and recognizes them
automatically when they are placed in the meter.
No further calibration of the meter is necessary.

Be sure to keep the ketone test strip dry before
using it.  Moisture on the test strip may falsely
lower the BHBA test results.

Note that you must put the test strip into the
meter before applying blood to it.

2. Obtain a drop of blood from the cow.  The best
way we have found to do this is to collect a very
small amount of blood from the tail vein using a
small needle (20 or 22 gauge) and small syringe (1
ml tuberculin syringe or a 3 ml syringe).  You only
need a good flash of blood in the syringe (<0.1 ml)
and you have the entire sample you need.  Cows
that are lying down often don’t even get up when
you insert such a small needle in the tail vein.

3. Apply a drop of blood from the syringe to the end
of the test strip.  The strip will draw the blood into
a small sample well, and the meter will indicate
when the sample well is full.  The amount of
blood needed is very small (1.5 microliters).

4. Wait 10 seconds for the meter to display the
results (it will count down the time).  BHBA
results are displayed as mmol/L (same as
millimoles/liter or mM).  To convert from
mmol/L to mg/dL, multiply the test result by
10.3.  So, a test result on the meter of 1.4 mmol/L
equals 14.4 mg/dL.  Published literature suggests
that between about 1.2 and 1.4 mmol/L BHBA is
the threshold level at which cows begin to show
problems due to ketosis (reduced milk yield
and/or higher risk of secondary diseases).
Because the meter gives slightly lower test results
than serum tests done at a laboratory and because
we don’t want to misclassify cows that may have
ketosis as being normal, we recommend
classifying all cows with 1.2 mmol/L or higher
BHBA concentrations as having ketosis.

5. We have found that this small, hand-held meter
works very well cowside.  It is not necessary to
bring the blood samples inside.  If it is cold
outside be sure to keep the meter and test strips
warm in your pocket.

Accuracy of the Cowside Blood BHBA Test
Even using the human blood calibration inherent in
the ketone monitoring system, the BHBA results on
blood from cattle are surprisingly accurate.  The first
report about the application of this meter to cattle
was an abstract in the Journal of Dairy Science
(Endecott, 2004).  No accuracy information was
included in this abstract, although in the oral abstract
presentation the authors presented data indicating
that the ketometer BHBA values were very similar to
commercial laboratory BHBA test results.  A later
Danish abstract (Jeppesen, 2006) indicated that BHBA
results from the ketometer (marketed by Abbott in
Europe as the MediSense® system) were highly
correlated to laboratory test results for BHBA (R2 =
0.987).

Three recent research studies (Burke et al., 2008,
Iwersen et al., 2009, Oetzel and McGuirk, 2008) all
gave very similar results and all confirm the excellent
accuracy of the Precision Xtra™ blood ketone system
for diagnosing ketosis in dairy cattle.  These studies
involved a total of 622 cows with a 14.1% prevalence
of ketosis.  The average R2 between hand-held meter
and laboratory BHBA results was 0.94.  The hand-
held meter was 91% sensitive and 94% specific for
diagnosing ketosis (pooled results from all three
trials).  The positive predictive value for the meter
was 73% and the pooled negative predictive value
was 98%.

These results are extremely encouraging and suggest
that BHBA results from the hand-held meter are
excellent – far better than the other cowside tests
(urine acetoacetate or milk BHBA) that are currently
available.

It should be noted that the hand-held meter is not
sufficiently accurate for research purposes (Kaiser et
al., 2009).  This is particularly true in research studies
evaluating small changes in blood BHBA that fall
below the ketosis threshold.
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Application of the Cowside Blood BHBA Test on
Dairy Farms
The most rewarding use of cowside blood BHBA
testing is for herd-based ketosis monitoring (Oetzel,
2004).  The cowside BHBA test with the hand-held
meter can be used in place of submitting serum or
plasma samples to a laboratory for BHBA testing.  In
summary, the protocol involves testing 12 or more
cows in early lactation.  If more than 10% of the cows
tested have elevated blood BHBA, then the group is
considered to have a ketosis problem.

The advantages of using cowside blood BHBA testing
for herd-based monitoring (instead of submitting
samples to a laboratory) are obvious.  Cost of the
ketone test strips are less than the cost of laboratory
testing, the results are known immediately, only a
very small blood sample is required, and there is no
need to process or mail serum or plasma samples to a
laboratory.

The cowside blood BHBA test can also be used to test
individual cows for ketosis.  Cowside blood BHBA
information can then be used for individual cow
treatment decisions.  Other cowside tests (milk BHBA
or urine acetoacetate) have been traditionally used
for this purpose.  The cowside blood BHBA test has
much better combined sensitivity and specificity the
other cowside tests.  However, the blood BHBA test is
more expensive and requires some skill in sample
collection and some training to learn to operate the
meter.  The choice of the best protocol for individual
cow ketosis testing depends on the unique
circumstances within each dairy herd.

Comments about Cowside Blood Glucose Testing
There may be some usefulness for cowside blood
glucose testing.  The test strips for whole blood
glucose for the Abbott Precision XtraTM meter are
readily available (usually in stock at most
pharmacies), cost less than $1.00 each, and are as easy
to use as the blood ketone strips.  However,
agreement between laboratory plasma glucose and
whole blood glucose using the cowside test is not as
good as it is for BHBA.  We compared blood glucose
determined by the hand-held meter compared to
laboratory analysis and found an R2 of 0.56 (Oetzel
and McGuirk, 2008).  The hand-held meter with
glucose strips was about 55% sensitive and 99%
specific in diagnosing hyperglycemia (blood glucose
>79 mg/dl).

We suggest that cowside blood glucose testing be
used only for individual cow treatment decisions and
not as a herd-based monitoring test.  Glucose is not
useful as a herd-level test because it is a highly
regulated metabolite that is unlikely to change in
response to overall herd management or nutrition.

Also, the necessary cut points and alarm levels for
herd-based glucose testing have not been derived.
Herd-level problems with energy nutrition are
diagnosed by monitoring blood BHBA in the fresh
cows, milk yield and body condition score for the rest
of lactation, and blood nonesterified fatty acids
(NEFA) in the pre- and post-fresh cows.

We have found that blood glucose is consistently low
in cows at the time of their first ketosis diagnosis,
even if the cow is in very early lactation and
apparently has Type II ketosis with underlying fatty
liver.  Some have reported finding cows that are
simultaneously hyperglycemia and ketotic, but this is
apparently a rare finding.  Thus it is not necessary to
confirm the hypoglycemia before treating these cows
with an oral glucose precursor or IV glucose.

There are many situations involving individual sick
fresh cows where their glucose status is uncertain
and some information about their blood glucose
status could guide treatment decisions.  We are
particularly concerned about avoiding glucose
treatment in cows that are already hyperglycemic.
Situations in which glucose testing could be useful
include chronically ketotic cows (particularly
following multiple ketosis treatments), any sick cows
that are less than about 4 days in milk (these cows are
often hyperglycemic because they calved so recently),
and off-feed cows without an obvious cause.  In these
situations, knowledge of the cow’s glucose status
would be valuable prior to treatment.  Treating cows
with IV glucose (or over-treatment with oral glucose
precursors) can have negative consequences and
should not be undertaken in cows that are already
hyperglycemic.  For example, the hand-held meter
could be used to show that routine treatment of just
fresh cows with IV glucose is unnecessary and
contraindicated because these cows are already
hyperglycemic.  Veterinarians or producers that
already use the meter for blood BHBA
determinations may find it useful to purchase some
blood glucose test strips and use them for occasional
blood glucose testing.

102



References
Burke, C. M., K. E. Leslie, and L. M. Neuder. 2008. Test
comparison of Precision Xtra and Ketostix for ketosis in
dairy cows. Proc. Am. Assoc. Bov. Pract. 41:287.

Dohoo, I. R. and S. W. Martin. 1984. Subclinical ketosis:
prevalence and associations with production and
disease. Canadian journal of comparative medicine.
Revue canadienne de medecine comparee 48:1-5.

Duffield, T. F., K. D. Lissemore, B. W. McBride, and K. E.
Leslie. 2009. Impact of hyperketonemia in early lactation
dairy cows on health and production. J. Dairy Sci.
92:571-580.

Endecott, R. L., Black, C. M., Notah, K. A., Petersen, M. K.
2004. Blood ketone leves of young postpartum range
cows increased after supplementation ceased. J. Dairy
Sci. 87 (Suppl. 1):114.

Iwersen, M., U. Falkenberg, R. Voigtsberger, D. Forderung,
and W. Heuwieser. 2009. Evaluation of an electronic
cowside test to detect subclinical ketosis in dairy cows.
J. Dairy Sci. 92:2618-2624.

Jeppesen, R. J., Enemark, M. D., Enevoldsen, C. 2006.
Ketone body measurement in dairy cows.Reference
OS43-42 in 24th World Buiatrics Congress. World Assoc.
Buiatrics, Nice, France.

Kaiser, T. M., S. E. Stebulis, and R. R. Grummer. 2009. The
accuracy and precision of the hand-held Precision
XtraTM meter for measuring beta-hydroxybutyrate in
whole blood from dairy cows. J. Dairy Sci. 92, E-Suppl.
1:478.

McArt, J. A., D. V. Nydam, and G. R. Oetzel. 2012. A field
trial on the effect of propylene glycol on displaced
abomasum, removal from herd, and reproduction in
fresh cows diagnosed with subclinical ketosis. J. Dairy
Sci. 95:2505-2512.

McArt, J. A., D. V. Nydam, P. A. Ospina, and G. R. Oetzel.
2011. A field trial on the effect of propylene glycol on
milk yield and resolution of ketosis in fresh cows
diagnosed with subclinical ketosis. J. Dairy Sci. 94:6011-
6020.

Oetzel, G. R. 2004. Monitoring and testing dairy herds for
metabolic disease. Vet. Clin. North Am. Food Anim.
Pract. 20:651-674.

Oetzel, G. R. and S. M. McGuirk. 2008. Evaluation of a
hand-held meter for cowside evaluation of blood beta-
hydroxybutyrate and glucose concentrations in dairy
cows. Proc. Am. Assoc. Bov. Pract. 41:234.

Ospina, P. A., D. V. Nydam, T. Stokol, and T. R. Overton.
2010. Evaluation of nonesterified fatty acids and beta-
hydroxybutyrate in transition dairy cattle in the
northeastern United States: Critical thresholds for
prediction of clinical diseases. J. Dairy Sci. 93:546-554.

103



On-Farm Evaluation of Feeding Program
Mike Hutjens

Extension Dairy Specialist
University of Illinois Extension

104



105



106



107



108



109



110



111



Introduction
The period from three weeks before to three weeks
after parturition in dairy cows, also known as the
transition period, is characterized by significant
changes in hormonal profile, feed intake, nutrient
requirements, metabolism, and energy balance. These
changes are known to dramatically affect immune
function. Consequently, cows are at greater risk of
health disorders and mortality during early lactation.
In the last week of gestation, concentrations of
progesterone decrease as concentrations of cortisol,
estradiol, prostaglandin F2α, and prolactin increase
(Stevenson, 2007). These changes are important for
onset of colostrum production and preparation for
parturition. Cortisol, the key hormone that triggers
parturition (Akers, 2002), is known to alter neutrophil
morphology and functionality (Burton and Kehrli,
1995a; Burton et al., 1995b; Burton et al., 2005). At the
same time that dramatic hormonal changes are
occurring, feed intake in the last 14 d before
parturition decreases by approximately 50%, reaching
its nadir on the day before parturition (Grummer et
al., 2004). Although feed intake starts to increase
immediately after parturition, it is not sufficient to
meet nutrient requirements for the rapidly increasing
milk yield. Thus, cows suffer from negative energy
balance for up to 8 to 12 weeks after parturition and
must utilize body energy reserves to meet nutrient
requirements for milk production. At the same time
that decline in feed intake starts to occur, a
decoupling of the somatotropic axis occurs that
results in elevated concentrations of growth hormone
(GH) and reduced circulating concentrations of
insulin and insulin-like growth factor-1 (IGF-1),
because of down regulation of expression of GH
receptor 1-alfa (Rhoads et al., 2004; Lucy, 2008).
Furthermore, around the time of parturition cows
undergo a state of insulin resistance in which glucose
receptor dependent uptake of glucose by muscle and
adipose tissue is reduced and GH-induced lipolysis is
increased. These are considered homeorhetic changes
to assure that cows continue to produce milk during
periods of scarce nutrient availability. The
combination of reduced feed intake, negative energy
balance, increased GH concentration, and insulin
resistance result in elevated plasma concentrations of
non-esterified fatty acids (NEFA). Exposure of cows
to severe and prolonged negative energy balance and

extremely elevated concentrations of NEFA
predispose cows to hepatic lipidosis (Grummer et al.,
2004), compromised liver function, incomplete
oxidation of NEFA, and elevated concentrations of
ketone bodies [e.g. beta-hydroxy butirate (BHBA)]
(Grummer et al., 2004).

Elevated plasma NEFA concentration is associated
with reduced neutrophil function (Klucinski et al.,
1988; Rukkwamsuk et al., 1999; Hammon et al., 2006)
and reduced feed intake during the prepartum period
is associated with reduced peripartum neutrophil
activity (phagocytosis and oxidative burst) and
increased likelihood of metritis postpartum
(Hammon et al., 2006). Furthermore, postpartum
hepatic lipidosis has been associated with increased
length of bacterial shedding from mastitic cows (Hill
et al., 1985) and prepartum increase in fat
mobilization and serum lipoprotein metabolism
resulted in increased risk of metritis and retained
fetal membranes (Kaneene et al., 1997). Increasing
prepartum and postpartum NEFA plasma
concentrations were associated with increased risk of
retained fetal membranes, metritis, clinical ketosis,
and displacement of abomasum (DA; Ospina et al.,
2010). Accentuated negative energy balance
accompanied by increased BHBA plasma
concentrations during early postpartum also has been
associated with increased risk of metritis and DA
(Ospina et al., 2010), endometritis (Reist et al.; 2003),
and other peripartum diseases (Erb and Grohn, 1988;
Grohn et al., 1989; Correa et al., 1993). Therefore,
situations of stress, limited availability of and/or
access to feed and water during the transition period
are likely to exacerbate the negative energy balance
and further compromise immune function and
increase the risk for postpartum diseases.

Regrouping of dairy cows is used in dairy operations
to maintain homogenous groups in terms of gestation
stage to optimize nutritional management. Thus, in
many dairy operations cows are housed as a group
from approximately 230 to 250 d of gestation in so
called “dry cow pens” and as another group from 251
d of gestation to parturition in so called “close-up
cow pens”. Every week, cows from the dry-cow pen
are moved to the close-up cow pen, which results in
weekly disruption of social interactions and for many
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cows disruption of social interactions in the last days
before parturition. Constant regrouping of cows
changes the hierarchical order among them, forcing
cows to reestablish social relationships through
physical and nonphysical interactions and
exacerbating aggressive and submissive behaviors
(von Keyserlingk et al., 2008). Furthermore, because
dry-cows and close-up cows are not producing milk,
their management is often taken for granted resulting
in overstocked pens, insufficient water and feed
availability, and exposure to adverse weather
conditions (i.e. heat stress). These managerial
inadequacies that increase and prolong the negative
energy balance during the peripartum transform the
normal homeorhetic changes into metabolic diseases
(i.e. excessively elevated fat mobilization, hepatic
lipidosis, and ketosis) further suppressing immune
function of dairy cows and predisposing them to
health disorders, and compromised productive,
reproductive, and economic performances.

Stocking density prepartum and its effects on
behavior, feed intake, and immune function
Cows are social animals and as such are highly
susceptible to social interactions and hierarchical
order. Situations of limited space or access to feed
exacerbate aggressive and submissive behaviors. Two
small but elegant studies conducted in research
facilities of the University of British Columbia in
Canada demonstrated the effects of overstocking of
prepartum cows on behavior and feed intake.
According to one of these studies, cows housed in
pens in which the ratio of cows to feeding bin was 2:1
had altered behavior compared with cows housed in
pens with cow to feeding bin ratio of 1:1
(Hosseinkhani et al., 2008). Similarly, the second
study demonstrated that cows housed in pens with
30 cm/cow of feed bunk space had altered behavior
compared with cows housed in pens with 60 cm/cow
of feed bunk space (Proudfoot et al., 2009). These
altered behaviors included increased rate of feed
intake, fewer meals per day, increased feed sorting,
decreased overall feed intake, increased standing
time, and increased rate of displacement from the
feeding area (Hosseinkhani et al., 2008; Proudfoot et
al., 2009). The consequences of stocking density for
dominant and submissive cows are likely to be
distinct. Dominant cows are predisposed to ruminal
acidosis when they have increased rate of feed intake,
fewer meals per day, and increased feed sorting. On
the other hand, submissive cows are more likely to
have metabolic diseases such as hepatic lipidosis and
ketosis because of reduced feed intake and to develop
lameness because of increased standing time and
displacement rate. Therefore, overstocking of pens of
prepartum cows, a common problem in dairy
operations of all sizes, predisposes all cows to
inadequate nutrient intake prepartum and

consequently compromised immune function. 

We are unaware of studies with dairy cows that have
evaluated the effects of stocking density on immune
parameters during the periparturient period. Dairy
ewes, however, that were housed in high stocking
density (1.5 m2/ewe) conditions during the
peripartum period up to mid-lactation had reduced
anti-ovalbumin IgG concentration in response to an
ovalbumin challenge compared with ewes housed in
low stocking density (3 m2/ewe) conditions
(Carporese et al., 2009). Furthermore, ewes that were
housed in high stocking density conditions tended to
have greater number of aggressive interactions and
had reduced milk yield and increased milk somatic
cell count (Carporese et al., 2009). Therefore,
increased stocking density is likely to affect immune
function of dairy cows as well.

Regrouping frequency and its effects on behavior, feed
intake, and milk yield
The effects of regrouping frequency of cows on
behavior, feed intake, and health has been less studies
and has yielded more contradictory results. In small
studies also conducted in Canada cows were
demonstrated to have reduced feeding time, greater
rate of displacement from the feed bunk and stalls,
and reduced milk yield on the days following
regrouping (von Keyserlingk et al., 2008). Although
the question has not yet been definitively answered,
cows may require 3 to 14 days after regrouping to
reestablish social stability to pre-regrouping levels
(Grant and Albright, 1995). This could be a significant
problem for close-up cows because weekly entry of
new cows in the close-up could result in social
disruption and stress on the last days of gestation,
compromising further dry matter intake (DMI) and
immune parameters.

Coonen et al. (2011) evaluated dry matter intake,
plasma NEFA concentration, and 30-d milk yield of
close-up cows (14 to 28 d before expected calving date)
that were housed in stable (no new cows entering the
close-up pen) or dynamic pen (new cows entering the
close-up pen twice weekly). The pens were relatively
small (10 cows per pen) and the total number of cows
used in the experiment was 85. Cows were observed
twice weekly for 1 h after feed delivery to evaluate
social disruption in the feed bunk. In this small study
no differences in feed bunk displacement rate, DMI,
NEFA concentrations during the peripartum, and milk
yield between ‘stable’ and ‘dynamic’ grouping systems
were observed (Table 1). It is likely that the lack of
difference in displacement rate from the feed bunk in
this study was a consequence of the monitoring
schedule used, but the lack of difference DMI, NEFA
concentration, and milk yield are novel and important
to evaluate in larger studies.
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In a recent study (Silva et al., 2012a) the hypothesis
that constant disturbance of social order prepartum
by weekly introducing new cows in a close-up pen
was tested in a large dairy herd (6,400 lactating
cows). Cows (254 ± 7 d of gestation) were paired by
gestation length and assigned randomly to an All-In-
All-Out (AIAO) or control treatments. In the AIAO (n
= 259) treatment, groups of 44 cows were moved into
a pen where they remained for 5 wk, whereas in the
control treatment (n = 308) approximately 10 cows
were moved into a pen weekly to maintain stocking
density of 100% and 92% relative to stalls and
headlocks, respectively. Cows in the AIAO treatment
that had not calved by 5 wk remained in the same
pen until calving but new cows were added to the
pen to achieve 100% stocking density relative to
stalls. Pens were identical in size (44 stalls and 48
headlocks) and design and each of the pens received
each treatment a total of 3 times, totaling 6 replicates.
Video recording cameras were placed above the feed
lane for determination of feed bunk displacement
activity (Lobeck et al., 2012). Displacement from the
feed bunk was measured, in both pens, during 3 h on
the day cows were moved to the close-up pen (-30 d
before expected calving date) at 13:00 ± 1:00 and
following fresh feed delivery (05:00 ± 1:00) 1, 2, 3 and
7 d after cows were moved to control close-up pen.
Displacement rate was calculated as daily
displacements divided by the number of cows in the
pen to account for stocking density. Cows were
examined at enrollment, calving, and 28 and 56 DIM
for body condition score (BCS; 1 = emaciated to 5 =
obese) and lameness and at 1, 4, 7, 10, and 14 DIM for
retained fetal membranes (RFM) and metritis. Cows
were observed daily for DA and mastitis until 60
DIM. Blood was sampled weekly from all cows from
21 d before expected calving date to 21 DIM for
determination of non-esterified fatty acid (NEFA)
concentration. Blood was sampled weekly from 14 d
before expected calving date to 14 DIM from a
subgroup of cows (n = 34/treatment) to determine
neutrophil phagocytosis (PHAGO), oxidative burst
(OXID), expression of CD18 and L-selectin, and for
hematology. Milk production and components were
measured monthly and energy corrected milk yield
was calculated for the first 3 tests. Cows were
examined by ultrasound for detection of corpus
luteum (CL) at 39 ± 3 and 56 ± 3 DIM. Cows were
presynchronized with three injections of
prostaglandin F2α at 41 ± 3, 55 ± 3, and 69 ± 3 DIM,
and those observed in estrus after 55 DIM were
inseminated, whereas cows not observed in estrus
were enrolled in an Ovsynch56 protocol at 81 ± 3
DIM. Pregnancy exam was conducted 38 ± 3 and 66 ±
3 d after AI.

In figure 1 we observe that the average stocking
density of the control pen varied between 100 and

69.5%, whereas the average stocking density in the
AIAO pen varied between 100 and 7.3% (Silva et al.,
2012a). There were 17 AIAO cows that did not calve
within 5 wk and had to be mixed with other cows.
The average interval between mixing of these cows
and calving was 4.1 ± 0.6 d. The data referent to these
cows is discussed later in this manuscript (Silva et al.,
2012b).

A greater number of displacements was observed in
the control treatment than in the AIAO treatment
(22.0 ± 1.0 vs. 10.4 ± 1.0; P < 0.01; Lobeck et al., 2012).
Similarly, displacement rate was greater for the
control than AIAO treatment (0.54 ± 0.03 vs. 0.31 ±
0.03; P < 0.001; Lobeck et al., 2012). Treatment did not
affect BCS (P > 0.59) or lameness (P > 0.35) at any
interval of the study (Silva et al., 2012a). Glucose
(59.2 ± 1.3 mg/dl; P = 0.28) and NEFA (227.2 ± 3.2
�mol/L; P = 0.17) concentrations were not affected by
treatment (Silva et al., 2012a). Percentage of
neutrophil positive for OXID (P = 0.91) and PHAGO
(P = 0.98) and intensity of OXID (P = 0.94) and
PHAGO (P = 0.91) were not different between
treatments. In addition, percentages of neutrophil
expressing CD18 (P = 0.17) or L-Selectin (P = 0.83)
were not different between treatments (Silva et al.,
2012c). Number of leukocytes (P = 0.64), neutrophils
(P = 0.33), and lymphocytes (P = 0.80) were not
affected by treatment (Silva et al., 2012c). Similarly,
treatment had no effect on incidence of RFM (P =
0.84), metritis (P = 0.35), acute metritis (P = 0.54), DA
(P = 0.92), and mastitis (P = 0.47; Table 1; Silva et al.,
2012b). Treatment had no effect on milk yield (33.1 ±
0.3 kg/d, P = 0.82), energy corrected milk (37.2 ± 0.3
kg/d, P = 0.66), and linear somatic cell score (2.9 ±
0.1, P = 0.28; Silva et al., 2012b). Percentage of cows
with a CL on d 39 (P = 0.17) and 56 (P = 0.96) and
percentage of cows pregnant after first AI (P = 0.47)
were not affected by treatment (Silva et al., 2012b). 

Among AIAO cows, those that did not calve within
35 d after enrollment and had an additional change in
group a few days before calving (average 4.1 ± 0.6 d)
had similar incidence of health disorders and
reproductive performance compared with those that
calved within 35 d after enrollment and were only
regrouped once, at enrollment. Furthermore, cows
with additional regrouping a few days prepartum
had greater yield of ECM than those that did not
have additional regrouping (39.1 ± 2.4 vs 32.3 ± 1.4
kg/d; P < 0.01).

According to the current experiment, even though in
commercial herds where size of close-up pens is
expected to be larger than in research facilities,
weekly entry of new cows in a close-up pen is
expected to cause more agonistic interactions in the
feed bunk than stable pen. In the current experiment,
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however, the increased rate of displacement from the
feed bunk did not result in compromised innate
immune function or metabolic parameters. 

Correspondingly to these findings, increased social
disturbance in the control treatment did not result in
greater incidence of diseases or reduced reproductive
and productive performances. It is interesting that
even AIAO cows that underwent group change
within 4.1 ± 0.6 d prepartum no significant increase
in incidence of disease or reduction in reproductive
performance were observed. From the current
experiment and from the experiment by Coonen et al.
(2011) we conclude that conventional prepartum
grouping strategy (i.e. weekly entry of new cows to
the close-up pen) does not affect health of cows.
These are important findings because the average
stocking density of the control pen was 87%, whereas
in the AIAO pen it was 73% (Silva et al., 2012a).
Therefore, in a herd with 1,000 lactating dairy cows,
with 110 calving per month, and a close-up period of
28 d, the dairy would need 126 stalls if a conventional
system is implemented and 150 stalls if an AIAO
system is implemented. If the cost of a stall is
approximately $ 5,000, the additional cost to build the
close-up pen for an AIAO system would be
approximately $ 120,000.

Conclusions and recommendations
Cows exposed to conditions that limit feed intake
prepartum (i.e. overstocking or lack of water) are at
greater risk of immune suppression and metabolic
diseases peripartum and health disorders
postpartum. Furthermore, because a positive
correlation exists between prepartum and
postpartum feed intake (Grummer et al., 2004),
conditions that limit feed intake prepartum are likely
to have a profound effect on productivity of dairy
cows and economic sustainability of dairy operations.
Weekly prepartum regrouping affects behavior of
dairy cows, particular in the feed bunk in the hours
following feeding. Weekly prepartum regrouping of
dairy cows, however, does not seem to be associated
with immune and metabolic parameters peripartum
and health postpartum. Furthermore, because ‘All-In-
All-Out’ or ‘stable’ prepartum grouping strategy
results in reduced average stocking density compared
with a conventional system (weekly entrance of new
cows in the close-up pen), the cost to build facilities
for an ‘All-In-All-Out’ system would be significantly
greater than the cost to build close-up pens for
conventional systems.

The current recommendations indicate that stocking
density during the prepartum should be 1 cow per
stall and at least 27 inches of linear feed bunk space
per cow in pens with headlocks and 30 inches of
linear feed bunk space per cow in pens without

headlocks. Another very important, and often
overlooked, requirement of prepartum cows is water
availability. Current recommendations indicate that
there should be at least 3 inches of linear space of
water trough/cow and 20 cows/water trough. 
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Table 1. Effects of stable and dynamic prepartum housing systems on feed bunk displacement, dry matter intake
(DMI), plasma concentration of non-esterified fatty acids (NEFA), and milk yield [Adapted from Coonen et al.
(2011)].

Housing
Variables Stable Dynamic P-value
Feed bunk displacements 1.17 ± 0.52 1.69 ± 0.77 0.39
DMI postpartum, kg/d 25.5 ± 1.6 25.7 ± 1.0 0.53
NEFA, mEq/L

> d -15 0.21 ± 0.04 0.18 ± 0.04 0.69
d -9 to -14 0.28 ± 0.04 0.21 ± 0.04 0.32
d -3 to -6 0.36 ± 0.04 0.32 ± 0.04 0.63

Lactation first 30 DIM
Milk yield, kg/d 34.6 ± 1.4 36.9 ± 3.4 0.32
Fat, % 4.59 ± 0.16 4.54 ± 0.33 0.88
Protein, % 3.33 ± 0.12 3.39 ± 0.14 0.62

Table 2. Effects of a conventional and All-In-All-Out prepartum grouping systems on plasma concentration of non-
esterified fatty acids (NEFA), incidence of postpartum diseases, culling, yield of energy corrected milk (ECM),
resumption of cyclicity, estrous expression, and pregnancy to first postpartum AI [Adapted from Silva et al. (2012a),
Silva et al. (2012b), and Silva et al. (2012c)].

Conventional AIAO
P-value

(n=308) (n=259)
NEFA from 21 d before to 21 d after calving, �mol/L 80.4 ± 8.2 62.9 ± 8.5 0.17
NEFA > 100 �mol/L (21 d before calving), % 62.7 55.8 0.19
NEFA > 130 �mol/L (7 d before calving), % 25.4 25.5 0.99
Retained fetal membranes, % 10.9 11.6 0.84
Metritis, % 16.7 19.8 0.35
Displacement of abomasum, % 3.2 1.7 0.92
Mastitis, % 13.8 11.3 0.47
Culling within 60 DIM, % 9.1 8.9 0.94
90-d ECM, kg/d 37.5 ± 0.4 36.8 ± 0.4 0.66
Cyclic by 53 DIM 90.1 90.2 0.96
Cows inseminated in estrus, % 93 91 0.52
Pregnant 63 d after first AI, % 36.3 40.0 0.47

Figure 1. Stocking density of prepartum pens with conventional or All-In-All-Out grouping strategy (Silva et al.,
2012a).
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Introduction
Despite the widespread adoption of hormonal
synchronization protocols that allow for timed
artificial insemination (TAI), detection of behavioral
estrus continues to play an important role in the
overall reproductive management program on most
dairies in the U.S. (Caraviello et al., 2006; Miller et al.,
2007). Several challenges for estrus detection on
farms include attenuation of the duration of estrous
behavior associated with increased milk production
near the time of estrus resulting in shorter periods of
time in which to visually detect estrous behavior
(Lopez et al., 2004), low number of cows expresing
standing estrus (Lyimo et al., 2000; Roelofs et al.,
2005; Palmer et al., 2010), silent ovulations (Thatcher
and Wilcox, 1973; Palmer et al., 2010; Ranasinghe et
al., 2010), and reduced expression of estrous behavior
due to confinement (Palmer et al., 2010). Whatever
the cause, the low efficiency of estrus detection not
only increases time from calving to first AI but
increases the average interval between AI services
(Stevenson and Call, 1983) thereby limiting the rate at
which cows become pregnant. 

Because of the impact of AI service rate on
reproductive performance and the problems
associated with visual estrus detection on farms,
many technologies have been developed to enhance
estrus detection by providing continuous surveillance
of behavior including rump-mounted devices and
androgenized females (Gwazdauskas et al., 1990),
pedometry (Peralta et al., 2005; Roelofs et al., 2005),
and radiotelemetry (Walker et al., 1996; Dransfield et
al., 1998; Xu et al., 1998). New electronic systems that
incorporate accelerometers as a means to associate
increased physical activity with estrous behavior in
cattle (Holman et al., 2011; Jónsson et al., 2011) have
been developed and marketed to the dairy industry.
Whereas a large body of literature exists on the
accuracy and efficacy of using various technologies to
predict ovulation and timing of AI in relation to
ovulation in lactating dairy cows, no other studies
have investigated accelerometers for such purposes.  

Experiment
To assess the use of an accelerometer system for
reproductive management, lactating Holstein cows
from a commercial dairy farm located in
southwestern Wisconsin milking approximately 1,000
cows were used in a field trial, which was performed
from August, 2010 to June, 2011. At 14 d after calving,
all cows were fitted with an accelerometer
(Heatime®, SCR Engineers, Ltd., Netanya, Israel)
attached to a neck collar and an electronic
identification tag. After each milking, data collected
by the accelerometer was read by a transceiver unit
placed in an archway at the milking parlor exit and
then transferred to the accelerometer herd
management software (Data Flow™; Micro Dairy
Logic, Amarillo, TX) installed on the on-farm
computer. The accelerometer system continuously
monitored individual cow activity and recorded
average activity for 2 h time periods. The raw activity
of individual cows was plotted as a bar graph where
each bar represented a 2 h block of time. The onset of
activity was defined as the time at which the first bar
of raw activity of an estrus event was identified.
Duration of activity was defined has the time interval
between the beginning and end of activity for an
estrus event. Twice daily (a.m. and p.m.), a list of
cows determined by the accelerometer system to be
eligible for insemination was generated, and cows
appearing on the list generated by the accelerometer
system were inseminated. Thus, inseminations were
conducted twice daily (a.m. and p.m.) by two herd
personnel with each cow receiving a single
insemination based on activity. 

Each week, cohorts of 10 to 15 cows from 46 to 52
DIM were evaluated by transrectal ultrasonography
to determine uterine health and record ovarian
structures. Cows without signs of uterine disease and
at least one follicle ≥ 10 mm in diameter received an
i.m. injection of GnRH followed by an i.m. injection
of PGF2a� 7 d later to synchronize estrus (Figure 1).
Transrectal ultrasonography was performed at the
time of the PGF2a�� injection for subsequent
determination of ovulatory response to GnRH
treatment. A total of 112 cows were enrolled, but only

Assessment of an Accelerometer System for
Detection of Estrus and Timing of Artificial

Insemination in Lactating Dairy Cows
P. M. Fricke, A. Valenza, G. Lopes Jr., M. C. Amundson, and J. O. Giordano

Department of Dairy Science, University of Wisconsin-Madison. Email: pmfricke@wisc.edu

120



89 cows that were considered properly synchronized
were included in the analyses. Transrectal
ultrasonography was performed at the time of the
PGF2a�� injection for subsequent determination of
ovulatory response to GnRH treatment. Diameter of
ovarian structures was estimated and recorded using
on-screen background gridlines comprising squares
with 10 mm sides in the portable scanner. Ovulation
was defined as the presence of a follicle ≥ 10 mm at
the initial ultrasound examination at the time of the
GnRH injection and the presence of a new corpus
luteum in the same location at the subsequent
ultrasound examination at the time of the PGF2a��
injection. Thereafter, ovarian ultrasonography was
performed 48 h after the PGF2a�� injection and then
every 8 h until ovulation occurred or until 96 h,
whichever occurred first. Cows failing to ovulate
within 96 h of the PGF2a�� injection were re-examined
3 d later (i.e., 7 d after the PGF2a�� injection) to
determine whether ovulation had occurred.

Figure 1.  Diagram of experimental activities. Cows
from 46 to 52 d postpartum received a G-P protocol
to synchronize estrus using i.m. injections of GnRH
(100 µg) and PGF2� (25 mg). Transrectal
ultrasonography (US) was used to assess ovarian
structures during the protocol and time of ovulation
after induction of luteolysis, and blood samples (B)
were collected to assess serum progesterone.

Results
The percentage of cows with estrus events detected
by the accelerometer system and the distribution of
cows by occurrence of estrus and ovulation are
presented in Table 1. Throughout the study period,
78% of cows ovulated within 7 d after induction of
luteolysis. Of the cows that ovulated, 59% ovulated
within 96 h, whereas 41% ovulated from 96 to 168 h
(4 to 7 d) after induction of luteolysis. Overall, 71% of
cows were detected in estrus by the accelerometer
system, and 95% of cows showing estrus ovulated
whereas 5% did not ovulate within 7 d of induction
of luteolysis. Of the cows not detected in estrus by
the accelerometer system, 35% ovulated whereas 65%
did not ovulate within 7 d of induction of luteolysis. 

Table 1. Percentage of cows determined to be in
estrus, and distribution of cows by estrous activity
and ovulation after induction of luteolysis based on
use of an accelerometer system1. 

Activity and ovulation responses of
cows after induction of luteolysis % (n)
Cows with estrous activity 71 (89)

Cows that ovulated 95 (63)
Cows with no ovulation 5 (63)

Cows with no estrous activity 29 (89)
Cows that ovulated 35 (26)
Cows with no ovulation 65

(26)1Heatime®, SCR Engineers, Ltd., Netanya, Israel. 

The duration of estrus activity for cows detected in
estrus by the accelerometer system (16.1 ± 4.7 h,
range = 4.0 to 28.0; Figure 2) was not affected (P =
0.74) by parity (16.4 vs. 17.2 h for primiparous and
multiparous, respectively) or milk production near
the time of estrus (P = 0.51). The duration of estrus
observed in this experiment is comparable to the
mean duration (13.4 h) reported for cows monitored
for estrus by visual observation of both primary
(standing to be mounted) and multiple secondary
signs of estrous behavior (Roelofs et al., 2004).
Conversely, duration of estrus activity observed in
the present experiment is considerably longer than
the mean duration of estrus based on the interval
between the first and last standing event of estrus
detected using an electronic pressure-sensing system
(Dransfield et al., 1998; Xu et al., 1998). Discrepancies
between the duration of estrus based on activity or
visual observation with that recorded based on
standing events are possibly due to the uncoupling of
expression of secondary signs of estrus behavior and
standing estrus. Indeed, Sveberg et al., (2011)
reported that secondary signs of estrous behavior,
which can certainly be detected by visual observation
or increased activity, increased significantly within 1
to 3 h before the initiation of standing estrus in
lactating dairy cows.      
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Figure 2.  Distribution of cows based on duration of
activity associated with estrus for cows detected in
estrus by an accelerometer system (Heatime®) within
7 d after synchronization of estrus.  Cows were
synchronized using an i.m. injection of GnRH (100
µg) followed 7 d later by induction of luteolysis using
PGF2a� (25 mg).

We did not expect that ~30% of cows would fail to
show estrus within 7 d after the PGF2a� injection
because a follicle >10 mm was present in all cows at
the time of the PGF2a�� injection, and all cows
included in the analysis underwent luteal regression
within 48 h after PGF2a�� treatment. In another study
in which cows received two sequential PGF2a��
injections at 35 and 49 DIM, only 67.9% of cows
determined to be cycling by 49 DIM were detected in
estrus and inseminated after the second PGF2a��
injection leading the authors to conclude that issues
other than cyclicity status affected efficiency and
accuracy of estrus detection (Chebel and Santos,
2010). The percentage of cows that failed to ovulate
within the group of cows not detected in estrus was
65% for the accelerometer system suggesting that
estrus did not occur in these cows. The remaining
35% of ovulations in cows not detected in estrus may
have been silent ovulations (ovulation without
estrus), a phenomena described in lactating dairy
cows especially during the early postpartum period
(Thatcher and Wilcox, 1973; Palmer et al., 2010;
Ranasinghe et al., 2010).  In addition, 5% of cows
detected in estrus failed to ovulate within 7 d after
induction of luteolysis. The overall rate of ovulation
failure in lactating dairy cows that showed estrus
behavior was 6.5% and was greater during the warm
than during the cool season (López-Gatius et al.,
2005). This rate of ovulation failure represents a small
percentage of the population of cows in this
experiment and could occur due to failure in the
mechanism triggering ovulation (i.e. no LH surge or

insufficient LH secretion) or a lack of response by the
dominant follicle to the LH surge. 

Figure 3.  Whisker graph of the interval from AI to
ovulation (n = 38 cows). AI was conducted twice
daily based on cows detected in estrus by an
accelerometer system (Heatime®). Ovulation was
determined using transrectal ultrasonography
conducted every 8 h from 48 to 96 h after induction
of luteolysis. Cows were synchronized using an i.m.
injection of GnRH (100 µg) followed 7 d later by
induction of luteolysis using PGF2a�� (25 mg). 

Due to the short lifespan of the oocyte in cattle
(Hunter, 2003), the interval from AI to ovulation is
critical for optimizing fertility in lactating dairy cows
inseminated after estrus. In the present study, the
mean interval from AI to ovulation was 7.9 h (Figure
3). This mean interval may seem appropriate because
it allows for the 6 to 8 h required for the sustained
phase of sperm transport to the site of fertilization
and sperm capacitation (Hunter and Wilmut, 1983;
Wilmut and Hunter, 1984; Hawk, 1987); however, the
degree of variation in the AI to ovulation interval
(Figure 3) is a major concern. Overall, 21% of cows
received AI between 0 to 12 h after ovulation, a
timing associated with low fertilization rates and
embryo quality in lactating dairy cows (Roelofs et al.,
2006) possibly due to aging of the oocyte during the
period required for sperm transport and capacitation.
By contrast, only 1 cow was inseminated more than
24 h before ovulation, a period that results in high
fertilization rates but low embryo quality possibly
due to aging of the spermatozoa (Roelofs et al., 2006).
Based on these data, it may be helpful to either
reduce the variation in the AI to ovulation interval so
that more cows are inseminated at the optimal time
in relation to ovulation or alternatively to inseminate
cows a few hours earlier to reduce the probability of
inseminating cows after or around the time of
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ovulation when detected in estrus using the
accelerometer system. 

Conclusion
A practical implication of these data is that only two
thirds of the cows that were considered properly
synchronized would have been inseminated based on
the accelerometer system and would go on to ovulate
after AI. The remaining cows either would not be
inseminated because they were not detected in estrus
or would not have a chance to conceive to AI because
they would fail to ovulate after estrus. These data
underscore the importance of implementing a
comprehensive reproductive management program
for identification and treatment of cows that would
otherwise not be inseminated and to identify those
cows failing to ovulate when cycling spontaneously.
Based on data from the present experiment using this
accelerometer system, the mean time of AI in relation
to ovulation was acceptable for most of the cows
detected in estrus; however, variability in the
duration of estrus and timing of AI in relation to
ovulation could lead to poor fertility in some cows. 
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The President signed the Food Safety Modernization Act
(FSMA) into law on January 4, 2011.  The 115-page law
provides a host of new authorities for the U.S. Food and
Drug Administration (FDA) not seen since the creation of
the FDA in the federal Food, Drug and Cosmetic Act of
1938.  

The centerpiece of the new law is Section 418: Hazard
Analysis and Risk-Based Preventive Controls, which
requires domestic food and feed facilities that manufacture,
process, pack or hold food or feed products to perform a
hazard analysis at each facility for hazards that are
“reasonably foreseen,” prepare adequate controls to
“significantly minimize or prevent the occurrence” of each,
monitor performance and maintain records routinely.
Facilities must maintain such records for at least two years.

FDA is to draft regulations for feed, food, produce and
imported products to implement this new law. Facilities
making products for exported to the U.S. are required to
comply with the same provision. Facilities that import
products must assure that the foreign facilities have
developed hazard analyses and written risk-based
preventive controls. This can be accomplished by direct
inspection of the foreign facilities or the use of FDA-
accredited third party entities that can certify compliance
with the new law.  

FSMA provides FDA with authorities to revoke facility
registrations, thereby halting operations at these plants.
FSMA also grants FDA mandatory recall and

administrative detention authorities under specific
conditions or causes. 

Implementation of the Safe Food Transportation Act of
1990 is required by FSMA, and FDA must promulgate
rules within 18 months enactment of FSMA.  

Congress is unlikely to fully fund the requirements of this
new law (a budget request of $300 million), including
hiring 4,000 new field staff; 600 or more foreign facility
inspections annually and the development of performance
standards for affected industry, which are the
tolerances/guidance levels for contaminants, among many
other requirements.  

The cost of preventive control regulations for the industry
is estimated to exceed $1 billion and may cause delay in
FSMA rulemaking. The food and feed industry estimates
that training and compliance inspections will take 10 years
to fully implement the provisions of FSMA.  

For more information visit
www.fda.gov/food/foodsafety/FMSA.  

1Contact at: 2101Wilson Blvd., Suite 916, Arlington, VA
22201, (703) 524-0810, Email: rsellers@afia.org. 

Food Safety Modernization Act
Richard S. Sellers1

American Feed Industry Association
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