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PERIPARTURIENT HEALTH
Infectious disease detracts from farm profitability
through decreased production efficiency and
increased morbidity and mortality. Infections of the
mammary gland (mastitis) or uterus (metritis) are
common sources of inflammation in lactating cows,
particularly during the periparturient period. Other
health disorders common during this period (e.g.,
milk fever and ketosis) do not arise from infectious
organisms, but instead have metabolic origins.
Although the etiologies of infectious and metabolic
disorders differ, epidemiologists report a significant
association between their occurrences. For example,
Curtis et al. (1985) reported that cows with milk fever
were more than 5 times as likely to contract clinical
mastitis as animals without milk fever. These results
do not imply cause and effect; however, they suggest
an association between the occurrences of one disease
with that of a second disorder. Potential causal
relationships between periparturient metabolism and
immune function have been investigated for about
the last 20 years, but this research has intensified
recently.

Immunosuppression: An Interaction between
Metabolism and Immunophysiology?
Part of the reason for the increased number and
severity of infections around the time of calving is
due to a weakened immune system, often termed as
immunosuppression. This immune dysfunction is
not limited to isolated immune variables; rather it is
broad in scope and affects multiple functions of
various immune cell types (Sordillo and Streicher,
2002). The combined results of these dysfunctions
are that cows may be hyposensitive and
hyporesponsive to antigens, and therefore more
susceptible to infectious disease such as mastitis
during the periparturient period (Mallard et al.,
1998). Grommers et al. (1989) reported that fewer
mammary quarters responded to low-dose E. coli
endotoxin, and maximum somatic cell count also was
somewhat later and less pronounced during early
lactation than during mid-lactation. Furthermore,
when live E. coli were administered into the
mammary gland, periparturient cows experienced
more rapid bacterial growth, higher peak bacterial
concentration, higher fever, and equal or greater
proinflammatory cytokine concentrations in foremilk
than did midlactation cows (Shuster et al., 1996).

Research results from our laboratory are in agreement
with this decreased immune function around the time
of calving and perhaps give some insights into which
mechanisms may be impaired. Neutrophils (PMN)
are recognized as being one of the most important
cell types in protecting of the mammary gland and
uterus from infection (Paape et al., 2002). We isolated
PMN from midlactation (220-350 DIM and 100-200 d
of gestation, n = 9), prepartum (12 d prior to calving,
n = 8), and postpartum (7 DIM, n = 8) cows and
studied various functional activities of these cells.
The PMN from postpartum cows produced fewer
intracellular (data not shown), extracellular (data not
shown), and total (Figure 1) reactive oxygen species
(ROS). These ROS are compounds such as hydrogen
peroxide that kill bacteria upon contact. Production
of these ROS is part of how the immune system
works to fight infection. This postpartum decrease in
ROS expression is in agreement with other reports
(Mehrzad et al., 2001) and could contribute to the
attenuated pathogen killing capacity that has been
reported after calving (Dosogne et al., 2001). A novel
finding from our lab relates to the ability of PMN to
produce neutrophil extracellular traps (NETs). These
bacteriocidal structures were first reported by
Brinkmann et al. (2004) and were subsequently
reported to be expressed at similar levels in milk and
blood (Lippolis et al., 2006), contrary to other
antimicrobial mechanisms. Using the same
experimental design as above for the ROS
production, we reported (Revelo and Waldron, 2010)
that PMN NETs expression is increased in PMN
incubations isolated from cows 12 d prepartum,
compared to PMN from postpartum or midlactation
cows (Figure 2). This finding, along with the
expression of NETs in milk (Lippolis et al., 2006),
suggests that NETs expression by PMN is an
important protective mechanism for the mammary
gland of transition cows.

Effects of Metabolism on Immunocompetence
The cause of periparturient immunosuppression is
not known, but is the subject of much research.
Research to date suggests that this immune
dysfunction appears to be due to a combination of
endocrine and metabolic factors. Glucocorticoids
(e.g. cortisol), known endocrine
immunosuppressants, are elevated around the time of
calving, and have been postulated to be at least partly
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responsible for periparturient immunosuppression
(Burton et al., 1995). Furthermore, changes in
estradiol and progesterone just prior to calving may
directly or indirectly affect immunocompetence
(Weber et al., 2001). However, changes in any of
these steroid hormones do not overlap with the entire
period of immunosuppression, suggesting that other
causes are at least partially responsible for immune
dysfunction.

Periparturient negative energy balance has been
implicated in contributing to immunosuppression.
However, experimentally-induced negative energy
balance alone had little effect on the expression of
adhesion molecules on the surface of bovine
leukocytes (Perkins et al., 2001). Furthermore,
experimental negative energy balance in midlactation
cows did not affect the clinical symptoms associated
with an intramammary endotoxin infusion (Perkins
et

Figure 1.
Effect of stage of lactation1 on bovine neutrophil total
reactive oxygen species production measured by
luminol-dependant chemiluminescence (CL).*

1Neutrophils were collected from midlactation (100-
200 days pregnant; n = 9), pre-partum (-12 d; n = 8)
and post-partum (7 DIM; n = 8) cows.
* Day of lactation effect, P < 0.01. a,b Bars with
different letters differ (P < 0.01).

Figure 2.
Effect of stage of lactation1 on bovine neutrophil

extracellular trap formation.*

1Neutrophils were collected from midlactation (100-
200 days pregnant; n = 9), pre-partum (-12 d; n = 8)
and post-partum (7 DIM; n = 8) cows.
* Day of lactation effect, P < 0.01. a,b Bars with
different letters differ (P < 0.01).

al., 2002). Similarly, Moyes et al. (2009) reported only
minor differences in immunocompetence of post-
peak cows subjected to nutrient restriction for 5 d
prior to intramammary experimental mastitis. These
results are contrary to work in periparturient cows
where the presence of a mammary gland (vs.
mastectomized cows) and its attendant metabolic
demands slowed recovery of neutrophil function,
suggesting that the metabolic stress of lactation
exacerbated periparturient immunosuppression
(Kimura et al., 1999). The disagreement between
experimental models of nutrient restriction and
periparturient dairy cows suggests that other
variables during the periparturient period are more
likely responsible for immunosuppression than
nutrient balance or transient changes in circulating
metabolites. Other work has investigated individual
metabolic components associated with negative
energy balance, and has concluded that although
hypoglycemia alone is not likely to exacerbate
periparturient immunosuppression (Nonnecke et al.,
1992), hyperketonemia appears to have multiple
negative effects on aspects of immune function
(Suriyasathaporn et al., 2000). Ketosis may increase
the risk of mastitis in periparturient
immunosuppressed cattle because many immune cell
types are negatively affected by metabolite levels
typical of a ketotic environment (i.e., low
concentrations of glucose and high concentrations of
ketone bodies and NEFA). Furthermore,
experimental mastitis in ketonemic cows was more
severe than mastitis in non-ketonemic cows (Kremer
et al., 1993). As reviewed by Suriyasathaporn et al.
(2000), impairment of the udder defense mechanism
in cows experiencing negative energy balance seems
to be related to hyperketonemia.
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Another aspect of periparturient metabolism that has
the potential to impact immune competence is
calcium metabolism. Significant quantities of calcium
are required for milk synthesis and an inadequate
adaptation to this calcium sink at the onset of
lactation results in hypocalcemia (milk fever).
Although it is important for milk synthesis, calcium
is also important for intracellular metabolism and
signaling in most cell types, including the leukocytes
of the immune system. Realizing the importance of
calcium in leukocyte activation, Kehrli and Goff
(1989) hypothesized that low blood calcium around
the time of calving could contribute to periparturient
immunosuppression. However, they were unable to
substantiate this hypothesis when they compared the
functional capacity of leukocytes from hypocalcemic
cows and cows that were made normocalcemic
through the administration of intramuscular
parathyroid hormone. This study squelched the
theory of a hypocalcemic contribution to
immunosuppression for a number of years, until the
same group revealed that mastectomized cows were
less immunosuppressed than were animals with an
intact mammary gland (Kimura et al., 1999). One of
the key variables that was different between
mastectomized and intact cows was plasma calcium
concentration. This revelation rekindled interest in
the potential role for calcium metabolism to be causal
toward impaired immunity. Recently, Kimura et al.
(2006) reported that calcium stores in mononuclear
leukocytes are depleted prior to the development of
hypocalcemia in the blood, and that this depletion of
intracellular calcium does potentially contribute to
immunosuppression. Interestingly, it appears that
intracellular calcium stores are a more sensitive
measure of calcium stress than is blood calcium
concentration.

THE ROLE OF SOME DIETARY NUTRIENTS IN
IMMUNITY
Completing the relationship between immune
function and metabolism, it has also been reported
that multiple dietary nutrients influence immunity.
The role of dietary nutrients in supporting immune
function has received significant research attention.
Vitamins (e.g., vitamins C, D, and E) and trace
minerals (e.g., zinc or selenium) are all familiar to us
from advertisements touting the role of these
nutrients in human health and disease. Furthermore,
at least basal levels, and in some cases
supranutritional levels, of these nutrients have been
shown be supportive for animal health in livestock
production systems (Spears and Weiss, 2008; Spears,
2000; Weiss, 1998). Other nutrients such as specific
fatty acids have been studied for their ability to
influence immune function (Calder, 2006) and hold
promise for future use in livestock species.

Although some micronutrients are directly involved
in immune cell function, one of the most common
ways that nutrients are involved in animal health is
through their role as antioxidants. Antioxidants
protect the animal from reactive or unstable
compounds that set off chain reactions and cause
tissue damage. These chain reactions are initiated by
oxidized products of metabolism such as superoxide
anion, hydrogen peroxide, hydroxyl radical,
hypochlorous acid, and peroxynitrite (Valko et al.,
2007). These unstable compounds typically fall
under the categories of reactive oxygen species (ROS)
or reactive nitrogen species (RNS). The ROS and
RNS are normal products of healthy metabolism.
That is, as energy is created through aerobic
metabolism, some unpaired electrons attach to
molecular oxygen and form superoxide anion (Valko
et al., 2007). This unstable molecule can pass the
single electron to other metabolic intermediates or
induce instability in other compounds. This group of
unstable compounds interacts with lipids, proteins,
DNA, and other molecules within the body to induce
instability and create tissue damage. The
antioxidants that work to oppose these unstable
molecules either directly quench these oxidants or
sometimes repair tissue that has already suffered
oxidative damage. Under basal conditions (in a
micronutrient-supplemented animal), antioxidants
generally reduce most of the oxidants, and little
tissue damage occurs. However, any factor that tips
the balance toward greater production of pro-oxidant
molecules (e.g., increased metabolic rate, toxins, or
inflammation) or decreased presence of antioxidants
(e.g., nutrient deficiencies or a greater oxidative stress
load) result in greater oxidative stress on the tissues
of the animal (Miller et al., 1993).

Oxidative Stress – A Common Denominator
between active Metabolism and Inflammation
During inflammatory disease states, immune cells
produce ROS and RNS (Sordillo and Aitken, 2009).
The leukocytes use these toxic compounds as part of
their arsenal to kill invading pathogens. Indeed,
these same molecules that can induce damage in
mammalian tissue can also cause lethal damage to
bacteria and other invading pathogens. Although
very effective against pathogens, unfortunately these
oxidants are not selective about which cells are
destroyed and often, significant collateral damage to
mammalian tissue occurs. Enter the antioxidants. As
previously discussed, antioxidants either present in
circulation or residing in tissues, help to preserve the
integrity and functionality of the mammalian tissue.
If antioxidant status is adequate and the
inflammation is moderate, little significant or
permanent tissue damage is done. However, severe
inflammation or marginal antioxidant protection can
lead to extensive tissue damage and permanently
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compromised tissue function (Zhao and Lacasse,
2008).

Antioxidants typically fall into two groups - either
individual nutrients (or compounds) serve to directly
quench oxidants, or enzymes containing a specific
nutrient at their catalytic site serve to convert these
toxic compounds to less harmful intermediates or
inert end-products (Miller et al., 1993; Sordillo and
Aitken, 2009). Several micronutrients commonly
supplemented to livestock serve directly as
antioxidants. Tocopherols (vitamin E metabolites)
and carotenoids (vitamin A precursors and
metabolites) are commonly supplemented to dairy
cows commercially, and compounds such as vitamin
C, lipoic acid, and glutathione, while not routinely
supplemented in commercial diets, are important
molecules in oxidative scavenging within the animal.
Other nutrients serve as antioxidants within the
structure of an enzyme. Of these, selenium is
perhaps the most well-studied and recognized as
important by commercial nutritionists and
veterinarians. Selenium is genetically incorporated
into the amino acid selenocysteine and sits at the
catalytic site of enzymes such as glutathione
peroxidase and thioredoxin reductase, among others
(Sordillo and Aitken, 2009). Other micronutrients
with important enzymatic antioxidant roles include
zinc, copper, manganese, and iron. Although when
incorporated into an enzyme, iron has some
antioxidant activity, it is most commonly recognized
to actually contribute to oxidative stress rather than
alleviate it.

PRACTICAL CONSIDERATIONS WHEN
FEEDING FOR IMMUNITY
Feeding Management
No matter how good the diet is on paper, the
nutrients that make it into the blood of the cow are
what counts. There is no replacement for watching
the cows to truly tell you how good your nutrition
program is. Any significant imbalances have the
potential to alter immunity. Unfortunately, we don’t
know all of the imbalances that tip the scale or know
how severe the imbalances must be in order to
negatively affect immunity.

Stay Ahead of Problems
It’s much easier to prevent or catch problems early
than to have the proverbial “train wreck”.

Avoid Stressors
Stress can be a potent immunosuppressant and the
effects of an excellent nutritional program can be
negated if the cows are stressed.

Manage for Metabolic Health
At this time, some of the best strategies for us to
avoid losses due to infectious disease are to pay strict
attention to the details of close-up and fresh cow
management such that metabolic disorders are also
avoided. Strategies to minimize negative energy
balance, and the accompanying fat mobilization and
ketone body production, are keys to minimizing
immunosuppression. Likewise, management of
calcium metabolism to prevent hypocalcemia may
have benefits beyond just the avoidance of metabolic
disorders. These strategies will minimize nutrient
deficiencies and negative metabolic impacts on
immune function thereby maximizing the health of
the periparturient cow.

Don’t Skimp on Micronutrients
It’s been a rough couple of years in the dairy
industry. Elevated ingredient costs coupled with
historically low milk prices have put pressure on
everyone. Producers have not only challenged
nutritionists to lowers diet costs, but in some cases
have actually mandated that micronutrients and
beneficial feed additives be removed from the diet.
In other cases, nutritionists have proactively pulled
these nutrients from the diet in order to survive the
on-farm price wars that have intensified with tough
economic times. In the short term, the ramifications
of marginal or even deficient micronutrient
supplementation may not be realized. However, as
time passes, and as management stressors or immune
insults accumulate, it not a question of if the train
will jump the tracks, it a question of when. Trace
minerals and vitamins play multiple roles in
protection of tissues and supporting immune cell
function to fight pathogens. Deficiencies of these
micronutrients will catch-up to the cow and may
result in problems such as increased somatic cell
count, increased rates of mastitis and metritis,
retained placenta, poorer reproductive efficiency,
increased metabolic disorders, and eroding milk
production. The best course of action may be to
educate the producer in the biological roles of
micronutrients such that they can realize the
importance of investing pennies today in order to
make nickels, dimes, and quarters tomorrow.

OVERALL SUMMARY
Cows experience immune dysfunction around the
time of calving. To date, no single factor has been
reported to be responsible for this immune
dysfunction. Experimental models of under-nutrition
have generally failed to reproduce the typical
periparturient problem. Aspects of energy
metabolism, especially ketones, have been reported to
negatively impact immune function. Although not as
well understood, high-levels of circulating NEFA and
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calcium metabolism may also contribute to
periparturient immunosuppression. In addition to
metabolites, many dietary nutrients are involved in
immune protection. Some of these nutrients are
involved in immune cell function, but many others
serve to minimize damage during the immune
response by limiting inflammatory damage. Much of
the potential damage caused during inflammation is
due to oxidative stress – the reaction of unstable
oxidizing molecules with tissue lipids, proteins and
DNA. Many of the micronutrients that are important
for immune function and health serve in this role of
tissue protection as antioxidants. Although many of
these nutrients are known to be important for health,
the quantity of these dietary micronutrients needed
to maximize immune function and tissue protection
is unknown. Careful nutritional management to
provide highly bioavailable nutritional profiles and to
maximize metabolic health is currently our best
strategy to maximize immune function. In addition
to sound nutritional management, best management
practices to maximize hygiene and minimize
stressors are crucial to helping prevent infection.
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Dairy cattle and other ruminants are biologically
designed to convert forages and other fibrous feeds
into high quality products such as meat and milk.
Forages are the foundation upon which nutritionally
sound, economical and rumen healthy rations are
built. The quality and quantity of forages fed to the
dairy herd is directly related to milk production,
purchased feed costs, whole farm nutrient balance
and profitability. The Northeast and Midwest have
the resources to produce high yields of high quality
forages. On most dairy farms, these home produced
forages are the most economical sources of energy
and protein fed to the cow. As we look ahead, these 2
regions will maintain or increase their role in the
dairy industry by taking advantage of this
relationship between forages and dairy cows.

Figures 1 and 2 provide an overview of the various
components that comprise dairy rations. Note the
importance of forages as the base building block of
dairy rations. Figure 2 is an update of Figure 1 and is
based on recent forage quality research results and
improved knowledge of how to better utilize forages
in dairy rations. Figure 2 also represents a trend we
have seen in the last 5-10 years with dairy producers
feeding higher forage rations. A primary reason for
this is that dairy producers are doing a better job of
harvesting and storing larger quantities of consistent
higher quality forages. The availability and use of
NDF (neutral detergent fiber) digestibility has
provided additional information to assist feed
professionals in better utilizing higher levels of
forages in rations. There have also been
improvements in the NDF digestibility of corn
hybrids and forage varieties available to producers.

The quantity of forages actually fed on dairy farms is
a combination of forage quality (NDF) and the
quantity of forage available. The quantity of forage to
be included in the ration can be “estimated” from the
NDF content of the forage. Mertens (1988, 1997, and
2010) outlined this concept and suggested that total
NDF intake would be 1.1-1.2% of the cow’s body
weight (BW). He also suggested that the NDF from
forages be a minimum of 75% of the total NDF
intake. This would be a minimum forage NDF intake
of 0.9% of BW if total NDF intake is 1.2% of BW.

The use of forage NDF is a simple way to set the
minimum forage level in dairy rations. The following
example may help in better understanding this
approach:

- Dairy cow body weight = 1450 lbs
- Minimum forage-NDF intake = 1450 * 0.009 =
13.05 lbs of forage NDF

- Forage NDF = 50%
- Pounds of forage DM to feed = 13.05/0.5 = 26.1
lbs.

Can we feed dairy cattle rations that are 100% forage
with no supplemental grain? Yes, but milk
production may be less than desired. There are dairy
herds using managed intensive rotational grazing
that feed little or no grain. This topic is currently a
source of much discussion and debate within the
grazing community. A trial conducted at Penn State
University examined the DMI and milk production of
Holstein cows fed only pasture (Bargo et. al., 2002).
Cows were grazed on a grass pasture averaging
about 55% NDF and 20% CP. Daily pasture DMI was
between 38.5 to 45.1 lbs/day. Forage NDF intakes
were 21.8 to 25 lbs/day. Forage-NDF intakes were 1.6
to 1.8% of BW. Daily milk production was 42 to 49
lbs/.day. This was a short term trial so that factors
such as body condition changes and reproduction
could not be determined. However, it does point out
that dairy cows have the ability to consume large
quantities of NDF from forage when high quality and
highly digestible forages are fed.

There have been a number of other research trials
with cows on pasture reporting forage NDF intakes
>1.3% of BW. Even though these values are higher
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than suggested by Mertens (1988,1997), they probably
represent the upper end of the range of forage NDF
intakes due to the high quality of the pasture forages
used in these trials. We have done a number of
feeding trials with high quality silages and have
measured forage NDF intakes up to 1.4% of BW.

Can you actually feed high forage rations and still
produce acceptable levels of milk? To take a look at
this question, we obtained feeding program data
from 16 dairy herds feeding “high forage” rations in
2004-2005. These herds were defined as feeding >
55% of the total ration dry matter as forage or feeding
forage NDF at >0.9% of body weight. It is important
to remember that this ration and forage information
is for one point in time in these herds. The quantity
of forages fed in these herds will vary over time due
to changes in forage quality or inventory. All of these
herds are located in New York or the Northeast. This
survey is being expanded and we are currently
adding additional herds.

Table 1 contains overall information on these farms in
terms of herd size and milk production. This
information is for all milking cows in these herds
with the exception for herds G, I, M and P. For these
herds, the ration information is only for the high
group.

Tables 2 and 3 contain forage analysis data for these
herds. Note that 3 herds were using BMR corn silage.
These herds are using primarily legume or mainly
legume forages in their rations. Only 1 herd (J) is
using grass silage. This data should not be used to
indicate that legume forages are required for herds
desiring to feed higher forage rations. Both research
and producer experience has indicated that high
quality grass forages can be used effectively to
support high levels of milk production. NDF
digestibility data was not available for the herds in
this survey. However, it would be logical to speculate
that NDFD would be above average.

Table 4 contains information on the nutrient
composition of the rations fed in these herds. Key
points from this table are:

- Forage NDF intake as a % of BW from 0.85 to
1.16%.

- Calculated ration NE-l values ranged from 0.74
to 0.8 Mcal/lb of ration DM. These values are
similar to NE-l values seen in other herds.

- Forage NDF levels (as a % of the total ration
DM) ranged from 24 to 28%. These are higher
than we typically see in many herds.

- Ration fat levels were similar to many other
rations. Only 3 herds had total fat levels > 5%.

What are the economics of high forage feeding? We
had an opportunity to closely follow one herd over a
5 month period. During this time, the forages were
sampled and analyzed at least monthly and ration
adjustments made by the nutritionist based on the
forage analysis results. This was a Holstein herd
milking about 100 cows. Key points from this
example are:

- Milk production was about 71 lbs/day at the
start and 74-75 lbs/day at the end of this time
period.

- Forage NDF levels decreased during this time
period.
o Corn silage went from 42 to 38% NDF.
o Haylage went from 50 to 38% NDF during

this time period.
- Forage (as a % of the total ration) went from 50
to 65%

- Forage NDF intake (as a % of BW) went from
0.85 to 0.95% of BW. Forage inventory limited
the quantity of forage that could be fed in this
herd.

- Income over feed cost ($/cow/day) went from
$4.27 to $5.58. This is $130/day for this 100 cow
herd. These prices are based on milk at about
$12/cwt.

- This herd has varied the % of forage in the ration
from 50 to 65% over the last few years. The
forage feeding level varies due to changes in
forage NDF or the inventories of forage
available.

There was a recent article in Hoard’s Dairyman about
a herd in Northern New York that feeds 73-75% of
the total ration as forage using highly digestible
forages (Benware and de Ondarza, 2009). This is
Herd E in Table 4. This herd has 140 cows with a herd
average of 25,756 pounds of milk sold/cow. The
dairy producer attributes the availability of highly
digestible forage NDF as the key to making high
forage feeding work. His forages include grasses,
mixed mainly legume silage and high chopped corn
silage. Currently, the ration is 29% haylage, 43% corn
silage and 28% grain. Total ration NDF is 34-35% and
forage NDF is 30-33% of total ration. The NFC level is
36-37% and starch is 22-24%. NE-l of the total ration
is 0.76 Mcal/lb of DM. This herd has fed higher
forage levels for about 10 years. The 30 hour NDFD
values were 56-59% for the grass forages and 55% for
the corn silage.

We also recently surveyed a number of herds feeding
lower crude protein rations (Chase et. al., 2009).
Ration forage levels were 48 to 60% in these herds.
Forage NDF intakes were 0.86 to 1%. These herds
provide another example of using high forage rations
to support high levels of milk production.
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For the herds in Table 4, we asked the dairy
producers to list the benefits they saw as a result of
feeding higher levels of forages. The benefits listed
included:

- Improved milk component levels
- Lower incidence of acidosis and metabolic
disorders

- Less foot health problems
- Lower culling rates. Most culling is now
voluntary.

- Ability to keep cows in the herd for additional
lactations

- Feeding less purchased grain
- Improved income over purchased feed costs
- Lower veterinary costs per cow. The primary
veterinary costs are pregnancy checks and
routine herd checks.

What are the risks or potential challenges of feeding
higher forage rations in dairy herds? As with any
management practice, there are always
considerations that need to be evaluated as part of
the decision making process. Some of the most
common ones that I see for herds considering feeding
higher forage rations are:

1. Mindset – Both the dairy producer and the
nutritionist need to be convinced that this
concept is logical and will work in their herd.
If they don’t buy into this concept, you are
setting yourself up for failure.

2. Consistent Quality Forages – As forages
comprise a higher proportion of the total
ration, there is less room for variability. Less
grain is being purchased to supply energy
and protein to balance changes in forage
quality. Variations in forage quality and milk
production will be more magnified since there
is less opportunity to adjust for forage quality
via the grain mix.

3. Forage inventory – Don’t implement higher
forage rations without calculating forage
inventory and availability. Cows will be
consuming more pounds of forage per day. It
may require 15-30% more forage to feed the
same number of cows. In some herds, we
have to make improvements in the cropping
program to be able to produce the total
quantity of forage needed by the herd. Forage
inventories should be checked frequently
during the year to assure that required
quantity of forage is in storage.

4. Forage Allocation and Storage – Very few
herds produce and harvest only “high
quality” forages. Ideally, the higher quality
forages will be stored separately so that they
can be allocated at feeding to the appropriate
animal groups.

5. Forage analyses – More frequent forage
analysis is needed to keep the feeding
program on target. NDF digestibility should
be included as part of the forage analysis
package.

6. Ration formulation and adjustments –
Rations will need to be monitored more
closely to determine if adjustments are
needed since more frequent forage analysis
data will be available.

7. Feeding management – The goal is to have a
consistent supply of fresh, palatable and high
quality ration available to the cow throughout
the day. With silage based high forage rations,
feed shelf life may be a problem in warm,
humid conditions. This may require
adjustments in the number of times feeds are
mixed and delivered to the cow. More
frequent feed pushups may also be required.

8. TMR mixer management – The ration mixed
will be bulkier and less dense (lbs/cubic feet)
as more forage is included in the ration. This
may require making more mixers per day or
considering the purchase of a larger mixer.

Summary
Feeding higher forage rations is an opportunity that
should be considered in many dairy herds. Higher
forage rations take advantage of the biology of the
cow to convert forage into milk. The key to making
this system work is having adequate quantities of
consistent, high quality forage available on the farm.
In some herds, the move to feeding higher forage
rations will take a number of years due to needed
changes in the cropping, forage harvesting and
forage storage systems on the farm. The long-term
potential benefits include higher levels of milk
components, improved cow health and herd
profitability. This approach may not work on all
farms but the concept should at least be considered
and evaluated by the dairy producer and other
outside consultants or agriservice providers that
work with the farm.
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Table 1.
Herd Characteristics of Herds
Feeding High Forage Rations

Herd Number Rolling Daily Milk Milk Times
of Herd Milk/ Fat, True Milked/

Cows Avg., lbs. lbs. % Protein Day
A 120 75-78 3.8 3.3 2
B 320 68 3.5 2.95 3
C 100 22,000 76 3.4 2.9 3
D 220 24,000 75 3.5 3 2
E 145 25,500 80+ 3.65 2.92 2
F 100 82 3.7 3.95 2
G 100 94 3.7 3.1 2
H 92 22,000 3.65 3 2
I 550* 29,000 100 3.6 3 3
J 60 25,000 78 3.7 3.1 2
K 60 87 3.5 3.02 2
L 56 22,700 74 3.4 2.9 2
M 200* 95 3.6 3 2
N 100 30,000 100+ 4.1 3 3
O 100 70-75 4 3 2
P 400* 27,000 85 3.5 2.9 3

Table 2.
Corn Silage Nutrient Composition

Herd DM, CP, Soluble ADF, NDF, Lignin, Starch
% % CP, % % % % of %

of CP DM
A 28.7 7 61 27.3 44.5 3.3 28.1
B 30.4 8.5 60 25.6 42.3 2.8 29.3
C 31.2 8.3 52 33.3 53 3.8 16
D 29.6 7.8 61 25.2 43.4 3 30
E 45 7.8 56 20.1 35.6 2.5 39.6
F 31 7.8 55 24 40 2.9 31.5
G 29 8.5 60 24 38 2.7 35

G-BMR 26 8.6 60 25 40 2.3 33
H 32 7.7 51 43.7 3.5 35.3

I-BMR 30 8.6 55 26 41.6 2.9 34.6
J 33.7 8.2 60 22.4 43.2
K 35 8 45 26 41 2.9 35.5
L 31.5 9.1 61 17.6 37 2/5 39.7
M 33 8.2 67 25 40 3.2 35
N 35.4 7.5 61 22.4 38.7 3.2 41.1
O 31.5 9.2 48 22 37.7 3.2 34.7

P-BMR 26.6 9.1 54 40 2.5 29.7

Table 3.
Nutrient Composition of Legume and Grass Forages

Herd Forage DM, CP, Soluble ADF, NDF, Lignin, Ash,
% % CP, % % % % %

of CP of DM
A Leg. Sil. 38 21.7 63 28.6 34 6.45 11.5
B Leg. Sil. 44.5 24 65.5 31.2 35.6 6.4 9.1
C Leg. Sil. 36 19.8 51 33.4 43.5 6.7 9.8
D Leg. Sil. 43.7 18.9 51 33.4 43.5 6.9 10
E Leg. Sil. 41.8 22.1 53 33.5 41.2 6.7 11.4
F Leg. Sil. 40 20.5 60 37 46 7.2 12
G Leg. Sil. 35 20.5 60 31 40 7.6 11
H MMG 1 26.8 21.5 62 49.1 9.6
H MMG 2 89.3 26 56.4 14.2
J Grass sil. 25.6 18 57 32.4 49.2 4.8 10.1
L MML sil. 33.1 17.9 56 39.1 48.8 7.7 8.9
M Leg. Sil. 32 22 58 32 42.3 6.8 10
N MML sil. 28.6 18.5 58 40.3 48.9 8.9 14.1
O MML Sil. 39.3 24.5 56 28.8 36..7
P Leg. Sil. 33 22.4 63 38.2 6.9 10.4
P Leg.Hay 87 20.7 29 47.5 7.8 8.1

Herd A B C D E F G H I J K L M N O P
Formulated milk, lbs. 80 90 75 90 85 90 95 80 100 80 82 75 95 85 85 85
Forage, % of ration DM 58 58 59 59 67 58 63 58 82 62 57 69 63 57 66 65
F-NDF intake, % of BW 0.93 1.06 1.04 0.96 1.16 0.88 0.98 1.04 1 1.02 0.85 1.1 1 1.02 0.94 0.97

NE-l, Mcal/lb 0.77 0.78 0.79 0.76 0.75 0.76 0.78 0.76 0.77 0.78 0.78 0.74 0.75 0.76 0.77 0.8

Crude Protein, % of DM 17.8 18 16.2 18.3 17 18 17.8 17.6 18.2 16.4 18.2 16.8 18.6 16.8 17.7 18.5
Soluble protein, % of CP 39 39 40 37 38 35 38 34 37 37 26 39 39 44 41 36

NDF, % of DM 31.2 32 31.4 35 34.5 32 30.6 34.3 32 37 32 36 33 30.4 30.7 30
F-NDF, % of DM 24.8 24.4 27 26.4 26 25 25.4 28 25.8 28 24.6 28 26 24 24.5 25
NFC, % of DM 41 37 39 35 38 41 42 38 40 40 40.6 38 41 42.8 41.6 41
Starch, % of DM 26 25 24 29 24.8 30.7 26.7
Fat, % of DM 4 5.5 5.5 5 4.5 3.8 3.9 4.5 4.8 4.1 4.1 3/8 4 5.2 4.4 4.7

Table 4
Ration Nutrient Composition
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Introduction
Digestibility of starch in lactating dairy cows can be
altered or improved by numerous mechanisms.
Management practices, such as grinding corn,
(Remond et al., 2004), steam flaking corn (Callison et
al., 2001), fermenting corn (Oba and Allen, 2003), or
feeding corns with weak starch protein matrixes
(Lopes et al., 2009), have been demonstrated to
improve starch digestion and milk production of
lactating dairy cows. The aforementioned
management practices are common in the dairy
industry and are routinely used to improve the
feeding characteristic of corn grain. The net merit or
degree to which a management practice improves
starch digestibility however has been difficult to
quantify. New information and technologies are
however emerging which allow dairy nutrition
consultants and producers to better understand and
evaluate factors associated with starch digestibility in
lactating dairy cows.

Some Basics
The corn seed is comprised of three basic
morphological parts, pericarp, germ, and endosperm.
The endosperm represents 75-80 percent of the corn
kernel by weight and is the morphological structure
that contains starch. The endosperm contains
primarily starch and protein but does contain small
amounts of fat as phospholipids and ash. The
endosperm of corn is virtually devoid of fiber (ADF
or NDF). Specifically, corn endosperm contains < 4%
NDF and 0.09% P, as compared to the germ which
contains 17% NDF and 0.97% P, and pericarp with
33% NDF and 0.29% P (Van Kempen et.al., 2003).
Corn endosperm contains starch and abundant
storage proteins (albumins, globulins, prolamins, and
glutelins). The combination of starch, prolamins and
other proteins (albumins, globulins, glutelins) in corn
endosperm is often referred to as the starch-protein
matrix. Starch-protein matrices appearing white are
commonly given the names floury, opaque or soft
endosperm. Starch-protein matrices appearing
yellow, shinny or glassy are classified as, horny,
translucent or vitreous (Kempten, 1921).

Prolamins are primary endosperm storage proteins in
grains and have specific and historical names: wheat

(gliadin), barley (hordein), rye (secalin), corn (zein),
sorghum (kafirin) and oats (avenin). The small grains
(wheat, oats, and barley) have lower prolamin
contents as compared to corn although modified
endosperm types exist which are low in prolamins.
Prolamins are characterized by a high glutamine and
proline content. Proline is a highly hydrophobic
amino acid capable of complex folding and thus
proteins with high proline contents develop tertiary
structures that are intensely hydrophobic and are not
soluble in water or rumen fluid (Momany, et al., 2006;
Lasztity, 1984).

The significance of prolamin-zein protein and it’s
chemistry in corn to ruminant nutrition implies
sequential logic. Prolamin-zein is not soluble in
water (hydrophobic) nor soluble in solvents normal
to the innate rumen environment (Lawton, 2002).
Potentially, starch digestion requires rumen bacteria
to first degrade prolamin-zein via proteolysis before
amylolytic activity in the rumen (Cotta, 1988) can
actively hydrolyze starch to glucose. Because glucose
uptake by rumen bacteria is momentary (Franklund
and Glass, 1987) and the rumen has extensive
amylotyic capacity (Cotta, 1988) to hydrolyze starch
to glucose, proteolysis of hydrophobic prolamin-zein
proteins in the rumen should therefore be a rate
limiting step associated with starch digestion. The
synergism between prolamin-zein and starch
digestion in ruminants is compounded by poor
attachment and slow degradation potential of
prolamin-zein proteins by rumen bacteria.
Romagnolo et al., (1994) observed the ruminal
degradation rate of zein to be 0.026 %/h as compared
to corn globulin-albumin proteins at 0.06 %/h.

Improving Starch Digestibility
Processing/Grinding: Processing corn silage (Bal et
al., 2000) and dry or high moisture corn (HMC;
Owens et al., 1986) are well established management
practices to improve starch digestibility. Dry and
high moisture corns are typically processed prior to
feeding to enhance their nutritional value for
lactating dairy cows. The degree of processing
invoked on dry or HMC is typically measured by
assessment of mean particle size (MPS) and effects of
MPS on extent and site of digestion of grains by

Improving and Evaluating Starch
Digestibility for Lactating Dairy Cows
Dr. Pat Hoffman Dr. Randy Shaver

Dept. of Dairy Science Dept. of Dairy Science
University of Wisconsin University of Wisconsin
pchoffma@wisc.edu rdshaver@wisc.edu



ruminants has been extensively reviewed
(Huntington, 1997, Firkins et al., 2001). Capstone
literature relationships between MPS of dry or HMC
and total tract starch digestibility in lactating dairy
cows are presented in Table 1. Across trials, a 1000
um reduction in MPS increased total tract starch
digestibility approximately 5.14 and 2.82 percentage
units for dry and HMC respectively.

In vivo, ruminal digestion of corn grains should be a
simple inverse relationship with MPS, because as
mean MPS decreases, surface area for bacterial
digestion or enzymatic degradation of starch
increases (Huntington, 1979). This simple inverse
relationship however, between MPS and in vivo
starch digestibility is not holistically observed
(Firkins et al., 2001). The classic breach between MPS
of corn grains and in vivo starch digestibility is when
ruminants are fed HMC or corn silage grain particles.
At a similar MPS, digestibility of HMC or grain
particles in corn silage, are recognized to be more
digestible than dry corn (Knowlton et al., 1998,
Firkins et al., 2001). These observations suggest there
is no universal upholding relationship of physical
MPS and starch digestibility between corn silage
grain particles, dry or HMC. As a result,
relationships between MPS and starch digestibility
are typically employed within grain types and not
between grain types.

Ensiling: Philippeau and Michalet-Doreau (1998)
observed that ensiling grains increased ruminal
starch degradability and hypothesized that ensiling
increases accessibility of starch granules to rumen
microorganisms, because hydrophobic prolamin-zein
proteins encapsulating starch granules were partially
degraded by proteolysis. Likewise, Jurjanz and
Monteils (2005) observed the effective ruminal
degradability of starch to be lower in corn kernels
before (70.2%) than after (92.3%) ensiling. The
ensiling process improved starch degradation by
significantly altering the rapidly-degradable starch
fraction (80.7% versus 65.6 %) and the starch
degradation rate (12.4 vs 8.0 %/h).

In a recent study, (Hoffman et al., 2011a) the fate of
the starch-protein matrix in HMC across a long
storage period (240 days) was monitored. Two
random HMC(s), containing 25.7% and 29.3 %
moisture were ground, ensiled and stored for 0, 15,
30, 60, 120 and 240 d. Ensiling time greatly affected
the starch-protein matrix of HMC and data are
presented in Figure 1. Ensiling time (0 vs 240 d)
reduced all α, β and δ prolamin-zein subunits of the
starch-protein matrix from 10%-40 %. The
degradation of the γ prolamin-zein subunits of the
starch-protein matrix of HMC was more extensive

with a 60 % reduction. Because γ prolamin-zeins are
primarily responsible for cross-linking starch
granules together, the degradation of γ zeins in HMC
would suggest that clusters of starch granules should
disassociate (fall apart) as a result of fermentation
since the cross links holding starch granules together
are being degraded. Upon fermentation and storage
for 240 d, the disassociation of starch-granule clusters
in HMC could be readily seen using electron
microscopy (Figure 2). Fermentation resulted in a
greater number of individual starch granules (and
surface area) for potential attack by rumen bacteria.

In second study (Hoffman et al., 2010), the
digestibility of HMC fermented and stored for 0, 15,
30, 60, 120 and 240 d was evaluated using an in vitro
gas production system. Gas production and rate (kd)
of gas production by rumen bacteria during the first
12 h of incubation increased with increasing storage
time, which indirectly validates the observations of
greater ruminal starch digestion of HMC as
compared to unfermented corn. Increases in 12 h gas
production and rate (kd) of gas production increased
chronically over the entire HMC storage periods
suggesting that the increase in HMC (DM) digestion
is not an acute event. Similar results were reported
by Benton et al. (2005) who evaluated in situ DM
degradation of two HMC(s) and two reconstituted
HMC(s) of varying moisture content; a chronic
increase in DM degradation across a 300(+) day
ensiling period was observed.

Hybrid Selection: It is well defined that floury and
opaque corn endosperm types are less vitreous and
have significantly lower prolamin-zein content as
compared to flint or normal dent corn endosperms
(Hamaker et al., 1995, Landry et al., 2000, and
Wallace et al., 1990). Increased kernel vitreousness
has been demonstrated to reduce ruminal in situ corn
starch degradation (Correa et al., 2002; Ngonyamo-
Majee et al., 2008). Taylor and Allen (2005) reported
greater ruminal and total tract starch digestibility in
ruminally and duodenally cannulated lactating dairy
cows for floury (3% vitreousness) vs. normal dent
(67% vitreousness) endosperm dry corn. 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-
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tract starch digestibility was 6.3%-units, on average,
greater for cows fed diets containing floury and
opaque endosperm corns than vitreous corn.

At present there are seed industry claims of altered
endosperm types specifically designed for livestock
applications however there is no industry method or
index employed to define the endosperm
characteristics (vitreousness, zein etc) of commercial
corn hybrids. Ngonyamo-Majee et al. (2010)
conducted two studies to determine the variability of
Monsanto corn germplasm on kernel
physicochemical properties. Results from these
studies reported a wide genetic variability of NIRS
estimates of ruminal starch digestibility and other
physico-chemical traits in commercial corn hybrids.
Negative correlations were observed in commercial
hybrids between NIRS ruminal starch digestibility
predictions and kernel protein (r = −0.79) and
vitreousness (r = −0.42).

Corn Nitrogen Fertility: Application of N to corn is
well known to improve corn yield however
environmental conditions can alter corn N status.
Excessive rainfall can result in N losses from leaching
and denitrification. Likewise, lack of moisture
during the pollination can result in poor N status.
When corn is deficient in N, yield is reduced because
the nitrogen sink, which facilitates starch
accumulation and increased kernel weight, is altered
(Tsai et al., 1980). Correspondingly, the amount and
type of protein in the endosperm is altered. The data
of Tsai et al. (1978) whom applied 0, 67, 134 and 201
kg/ha of N to a Pioneer hybrid (3369A) is shown in
Figure 3. The CP of grain increased (6.68, 7.23, 8.10,
8.88 % CP) with increasing N fertility. The primary
proteins affected by N fertility status were prolamins
(zein). Zein (mg) in N deficient corn endosperm (0
N) was 1.86 mg as compared to 6.21 mg in corn
receiving 201 kg/ha of N fertilizer. Further, the N
status of Pioneer 3369A altered translucence
(vitreousness) of the kernels. Corn kernels from corn
fertilized with 0 N were primarily opaque and
kernels from corn receiving 201 kg/ha of N were
highly translucent. Recently, Masoero et al., (2011)
demonstrated alterations kernel CP and zein content
induced by N fertility, maturity or hybrid altered in
vitro gas production of corn. Zein content of corn
increased and in vitro gas production (2 h) decreased
with greater N fertility and advancing maturity in
corn.

Steam Flaking: Steam flaking is a process which
imparts heat, moisture and rolling to increase starch
digestibility of dry corn. The effects of steam flaking
corn have been extensively reviewed (Zinn, 2002).
The degree of damage to the pericarp and extent of

denaturing of protein in endosperm varies with
processing conditions. Typically, flake bushel weight
is used as quality control index at the processing
facility. As flaked bushel weight decreases total tract
starch digestibility of the grain increases. In lactating
dairy cows ruminal digestibility of starch is
marginally altered (50-60 %) by steam flaking corn.
The effect of steam flaking corn is more pronounced
on post-ruminal starch disappearance. Steam flaking
corn can alter the digestibility of the post-ruminal
flow of starch in lactating dairy cows up to 40
percentage units. Corns steam flaked to a lower
density (< 30 lbs/bu) have greater post-ruminal
disappearance than grain processed to a higher flake
density (>30 lbs/bu). For lactating dairy cows, a
flake bushel weight, less than 25 pounds/bu, is
generally preferred.

Evaluating Starch Digestibility
Mean Particle Size: Procedures to determine MPS of
dry ground corn are well defined (ASAE, 2008, Baker
and Herman, 2002). Approximately 150 g of dried,
un-ground corn is placed in a series of 14 screens
with nominal apertures of 4750, 3350, 2360, 1700,
1180, 850, 600, 425, 300, 212, 150, 106, 75, 53 um and a
pan. The series of screens and pan are placed on an
oscillating sieve shaker for 15 minutes. Procedures to
determine MPS of HMC are nebulous because nether
ASAE (2008) or Baker and Herman, (2002) define
whether HMC is to be dried prior to sieving. The
MPS of dry or HMC is often determined on farm by
dairy producers or nutrition consultants by sieving
un-dried samples through a short stack of sieves
(Baker and Herman, 2002). Typically corns are sieved
through 6 screens (4000, 2000, 1000, 500 and 250 um)
and pan. Recent data (Hoffman et al., 2011b) from
our laboratory suggest on-farm determination of MPS
for dry corn is very effective but on-farm
determination of MPS on un-dried, un-ground HMC
causes a large bias, overestimating the MPS of HMC
(Figure 4).

Kernel Processing Score: Quantifying the mean
particle size (MPS) of starch in corn silage with or
without kernel processing in commercial forage
testing systems has been challenging. As a
commercially viable surrogate, Ferriera and Mertens
(2005) recommended determining the starch content
of the total sample and the starch content of the DM
remaining on screens > 4.75 mm for corn silage. This
yields a kernel processing score (KPS), that serves as
a starch particle size index for corn silage. Corn
silage is defined as optimally processed if > 70 % of
starch passes through the 4.75 mm screen. Corn
silage is can also be defined as adequately (50-70%)
or inadequately (<50 %) processed by the KPS
scoring system. The MPS of corn particles in corn
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silage can be estimated (Zwald et al., 2008) from KPS
using the equation (MPS, um = 7,491+ (−93.81KPS +

0.37KPS2).

Vitreousness. Vitreousness of corn can be quantified
in whole corn kernels by manual dissection but the
task is tedious. A semi-quantitative method is to
determine vitreousness of whole corn kernels (i.e.
from a specific corn hybrid) is use of a light box
scoring system. Because vitreous endosperm is
translucent, light shines through it as opposed to
opaque endosperm which is not translucent. A
complete guide to light box scoring of corn grain for
vitreousness is available in Breeding Quality Protein
Maize (QPM): Protocols for Developing QPM Cultivars.
http://ideas.repec.org/p/ags/cimmma/56179.html.
Vitreousness of corn will primarily be influence by
hybrid, maturity or corn N status.

Crude Protein: Crude protein in corn grain is of
benefit and detriment to dairy cows. Greater crude
protein content in corn grain reduces the need for
supplemental protein but proteins in corn grain also
serve a lignin like function because hydrophobic
(prolamin-zein) proteins encapsulate starch reducing
starch digestibility. Crude protein content of dry corn
grain has been demonstrated to be negatively related
to starch digestibility (Ngonyamo-Majee et al., 2010).
It is simple to measure crude protein in corn grain
and crude protein analysis is widely available at
commercial feed and forage testing laboratories. The
crude protein content of corn grain averages 9.2 %
but ranges from 7.5-11.5%. Crude protein and the
amount of starch encapsulating prolamin proteins are
highly related. Corn grain from hybrids with crude
protein contents > 10.0 % are likely more vitreous,
may contain more flint genes, or are short relative
maturity hybrids (more flint genes). Corns with
lower crude protein < 8.0 % may be unique opaque-
floury hybrids or have a portion of these endosperm
types in their genetic makeup. Nitrogen fertility has
also been demonstrated to have an effect on grain
crude protein content therefore crude protein content
of grains grown under variable nitrogen growing
conditions should be recognized.

Prolamin Protein: Historically, laboratory methods
to quantify prolamin-zein (Hamaker et al., 1995,
Landry et al., 2000, and Wallace et al., 1990) in whole
corn for ruminant nutrition trials or for routine feed
analysis were not employed. Larson and Hoffman,
(2008) coalesced advances in cereal chemistry and
rapid turbidimetric methods to quantify prolamin-
zein in dry and high moisture corns. Prolamin-
zein(s) are solubilized with 55.0 % aqueous isopropyl
and turbidity of prolamin-zein(s) is achieved by
addition to a turbidity solvent. Degree of turbidity is

measured on a spectrophotometer and prolamin-zein
was quantified using a standard absorbance curve
developed from purified zein. Dry flint and dent
corns contain significantly more prolamin-zein/100 g
of starch as compared to floury- opaque corns or
corns with poor N status at pollination. A
commercial test is available to determine the
concentration of hydrophobic prolamin proteins that
encapsulate corn starch. The prolamin protein assay
is available at a number of commercial feed and
forage testing laboratories. The prolamin content of
dry corns ranges from 2.5-5.5 % of dry matter. Corns
> 4.5 % prolamin as a % of DM are likely more
vitreous, may contain more flint genes, are short
relative maturity hybrids (more flint genes) and had
adequate N fertility. Corns with lower prolamin
protein < 3.0 % may be unique opaque-floury hybrids
or be grain from N deficient corn. The prolamin
assay of Larson and Hoffman, (2008) does not
measure the degradation of prolamin proteins in
HMC as induced by fermentation (Hoffman et al.,
2011a).

Soluble Protein: The relationships between crude or
prolamin protein and starch digestibility in lactating
dairy cows applies primarily to dry corn. In ensiled
corn (HMC) it is important to ascertain whether the
hydrophobic proteins in the starch protein matrix
have been degraded in the ensiling process. Prior to
ensiling about 20 % of the protein in corn is soluble in
a buffer solution but in extensively fermented high-
moisture corns, up to 70% of the protein maybe
soluble. The change in soluble protein is a marker of
the degradation process of starch matrix proteins. As
silage bacteria degrade hydrophobic proteins they
become more soluble in buffer solutions.

Ammonia Nitrogen: Ammonia nitrogen may also be a
marker of the status of starch-matrix proteins in high-
moisture corn. At ensiling, corn has virtually no
ammonia nitrogen and the appearance of ammonia in
high moisture corn means that amino acids
associated with the starch protein matrix are being
degraded by silage bacteria. In extensively fermented
high-moisture corn, ammonia nitrogen may represent
> 6 % of the total nitrogen (or protein). High-
moisture corns with <2% of the total nitrogen (or
protein) as ammonia nitrogen indicate the
degradation of starch-matrix proteins is probably
minimal. A relationship between ammonia nitrogen
concentration in high moisture corn and 12 h in vitro
gas production is presented in Figure 5.

Starch: As compared to test weight or density,
determination of starch content of corn grain prior to
feeding is important. Corns harvested at immature
stages due to late planting, early frost or lack of
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growing degree days will likely be lower in total
starch content. High moisture corns harvested with
cob or husk as a part of the feed will also be lower in
starch content. Starch contents of corn fed to dairy
cows ranges from 60-74 % of DM. Diets can easily be
adjusted for starch content if the starch content of the
grain is known.

In Vitro Starch Digestibility: Numerous feed and
forage testing laboratories offer in vitro starch
digestibility. There is no standardized method.
Typical whole grains are ground through a mill fit
with a 4-8 mm screen and incubated in rumen fluid
from 6-12 h. More specialized in vitro gas production
procedures are also available. These procedures
result in lab specific numbers and are useful in
ranking or indexing relative starch digestibility
potential by dairy cows. The challenge with in vitro
starch digestibility measurements is integrating the
values with the original MPS of the corn.

Fecal Starch: Commercial feed and forage testing
laboratories are currently offering fecal starch
analysis as an on-farm diagnostic tool to assess starch
digestibility in lactating cow diets. Fecal starch
testing has merits because on farm fecal starch is
representative of the actual diet fed on a given farm.
Fecal starch contents < 3.0 % indicate total tract starch
digestibility is high. When fecal starch is > 5.0 %
issues with dietary starch digestibility are likely.
There are challenges to fecal starch evaluation. First,
there is a high degree of variance of fecal starch
concentration between cows, meaning fecal
composites from multiple cows are required but fecal
starch sampling protocols are not well defined.
Second, fecal starch evaluation does not identify
which starch containing feed maybe problematic as
fecal starch is related to the total diet. Third, low fecal
starch indentifies high total tract starch digestion but
does not provide inference to starch sources that
maybe excessively degradable in the rumen.

Conclusions
�� Corn is a seed and is comprised of three basic

morphologic parts, pericarp, germ and
endosperm.  Starch is contained in the
endosperm and the biochemistry of the
endosperm influences starch digestibility in
dairy cows.

�� Vitreous endosperm in dry corn is negatively
related to starch digestibility in dairy cows.

�� The strength of starch protein matrix bonding
in the endosperm at harvest can be related to
hybrid, N fertility or maturity.

�� The strength of starch protein matrix bonding
in the endosperm of dry corn is related to
crude protein, prolamin protein or
vitreousness.

�� Greater ruminal starch digestibility potential of
high moisture corn is the result of degradation
of starch encapsulating proteins by proteolysis
during fermentation.

�� The weakness of starch protein matrix bonding
in high moisture corn is related to soluble
crude protein or ammonia nitrogen.

�� Determination of mean particle size from
undried, unground HMC will result in an
overestimation of HMC mean particle size.
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Figure 1.
The effect of storage period (240 d) on hydrophobic
prolamin-zein proteins in the endosperm of high
moisture corn (Hoffman et al., 2011a).

Figure 2.
Electron micrographs of high moisture corn starch
granule clusters prior to ensiling (A), and after 240 d
of ensiling (B). 

Figure 3.
The effect of corn N fertility on total and zein protein
in grain (Tsai et al., 1978)

Figure 4.
Mean particle size (MPS) bias, between ASAE (2008)
and on farm determination of MPS on undried,
unground samples of dry and high moisture corn
(HMC).

Figure 5.
Relationship between NH3-N concentration of high
moisture corn and 12 h in vitro gas production (% of
total gas; Hoffman et al., 2010).
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1.  Herd Characteristics  (4-13-2011 Test Day)
a.  1850 cows; 3 x milking
b.  1742 replacements
c.  RHA:  31,326, 1155 fat, 977 protein
d. 177  DIM
e.  238 raw SCC; 197 shipped SCC
f.  135-140% overcrowded
g.  Groups are sized for the parlor; 1 hr milking
time/group; 265-270 cows/hr

2.  Reproduction
a.  Double OvSync on 1st lactation; pre-
sync/ovsync on 2nd and greater

b.  22-23% annualized pg rate; 28% 1st lactation
cows

c.  6% stillborn rate, 0.5% death loss
d.  22 months age at freshening
e.  60 day dry period for 1st lactation and cows
carrying twins; 

f.  45 day dry period for 2nd and greater lactation

3.  Replacements
a.  Growth rate – 1.8 lb/hd/d to 2.05 lb/hd/d
measured from birth to current age 

b.  Work with 5 growers who raise heifers from 5
months to 2 months before calving

4.  Transition Cows
a.  Prefresh fed anionic diet
b.  Moved 14-21 days before due date
c.  12% ketosis, 4% metritis, 8% RP, <1% Milk
Fever

d.  No overcrowding during this time period
e.  Moved out to big groups 10-17 DIM depending
on milk weights, general health

5.  Diets
a.  Diet formulation differences are based on: age,
DMI corrected for refusal, calories, starch
degradation rates by stage of lactation, amino
acid balances

b.  Farm 3,100 acres which provides forages and
majority of corn for herd

c.  Keys to forage quality:
Harvesting DM consistency
Pack tractors and weights
Face management
Managing spoilage
Innoculant vs. acid

6.  Personnel
a.  Employee training
b.  Clear goals
c.  You set the standard for expectations
d.  Stable workforce

Take Home Message:
Never underestimate the value of consistency.  On-
Farm systems and routines should be developed first
for the cow and second to ensure they get done the
same every day of the week!

Gar-Lin Dairy Farms, Inc.
Dr. Dana M. Allen, Ph.D.

4329 130th Avenue SE,  Eyota, Minnesota  55934
dana@garlindairy.com
507.545.0102 Ext. 105
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1. Herd Characteristics
a. 220 total head – 116 milking, 90% milking

herd is Holstein, 10% Holstein-Jersey cross
b. Average age: 3 years, 3 months
c. RHA:  34,131, 4.0% MF, 1365 lbs MF, 3.2%

MP, 1094 lbs MP, 3677 lbs CY
d. DIM average 185 for the year
e. SCC: 250,000.  Current is highest it’s been,

culprit was determined to be flooding claws
and too small a diameter milk hose

f. MUN: between 8 and 10 mg/dl
g. bST usage

i. 60% of the herd 
ii. Not used on cows if over 140 lbs milk at

70 DIM.  Usage on all 1st lactation
animals starting at 70 DIM.  

2. Reproduction
a. Breedings done by stud service – daily tail

chalk, 100% A.I.
b. Mostly natural breedings, limited use of sync

programs
c. 70 day VWP
d. 52% service rate, 15% Pregnancy rate (annual

average).Summer of 2010 and winter of 2011
provided some real reproductive challenges.
Last few months have been around a 25%
pregnancy rate. 

e. All heifers are bred to sexed semen for first
breeding. 

3. Facilities
a. Westphalia double six parallel parlor.
b. Heifers are in multiple outside lots.
c. Wet and post weaned calves are kept in

individual stalls and group pens in old
tie-stall barn.

d. Dry cows are housed in retro-fitted bedded
pack shed with outside drive-by feeding on
one side of the adjacent lot.

e. Lactating cows are housed in retro-fitted pole
barns with H-style bunk feeder.  TMR is
delivered from mixer to bunk by conveyer. 

f. Sand bedded free stalls

4. Feed Storage
a. Upright silos for forages and high moisture

shelled corn.
b. Heifer feed in piles or bags, too. 
c. Upright bins for lower inclusion ingredients.
d. Retro-fitted grain bin is used for storing

commodities.

5. Diet Characteristics
a. Milking Cow Diet

i. One group
ii. Cows consume between 67 to 70 lbs DMI

depending on time of year.
iii. Haylage, corn silage, and high-moisture

shelled corn main feedstuffs. 
iv. Other ingredients include cottonseed, dry

hay, roasted soybeans (Vita-Soy),
occasionally canola meal, whey permeate,
bypass fat, and a bypass protein /
mineral mix.

v. Ingredient amounts, in pounds dry
matter:
1. CS 16; HLG and hay 20; 15 HMSC; 4.5
whey permeate; 3 fuzzy cottonseed; 3
Vita Soy; 3.5 bypass protein and
vits/mins; 0.5 lb  Energy Booster 100.

vi. Nutrient characteristics, in percent of
ration Dry Matter:
1. CP 15.6% (that’s not a typo); ADF
16.1%; NDF 23.2; forage NDF 18.7%;
starch 26%; sugar 8.8%; fat 5.7%; 460
mg Rumensin.

b. Dry Cow Diet
i. One group
ii. Haylage, corn silage, free choice grass

hay, vitamins, minerals, etc. DCAD
balanced. 

iii. Ingredient amounts, in pounds DM:
1. CS 14; HLG 7; 0.5 lbs vitamins and
minerals; free choice grass hay,
SoyChlor as needed.

iv. Nutrient characteristics, in percent of
ration DM, approximate.
1. CP 16%; 25% ADF; 36% NDF; 16%
starch.

6. Cow movement
a. Dry cows calve either in bedded pack shed

or in another bedded pack at the end of the
old tie-stall barn depending on calving
intensity.

b. After calving cows are immediately moved to
“general population”.

7. Vaccination program
a. Dry off:  Clostridium Type A, Endovac Bovi,

Triangle 9, Vision 7.
b. Calves: Enforce 3 and Calf Guard, Johnnes at

2 weeks of age.
c. Heifers: Bovi-Shield Gold at 6 and 12 months

of age.

Bethany Valley Holsteins 
Ron Olson

Bethany Valley Holsteins
ROlson@vitaplus.com
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Dairy producers should consider lowering ration
crude protein (CP) levels in rations for two primary
reasons. One is to improve profitability by increasing
the efficiency of converting feed nitrogen (N) intake
to milk N output while at least maintaining milk
production. This usually lowers purchased feed cost
and increases income over feed cost and/or income
over purchased feed costs. A second reason is that
feeding lower CP rations decreases the excretion of N
to the environment and lowers ammonia emissions.
This can decrease the number of acres needed for
land allocation of manure. When ammonia emission
regulations are implemented, this will lower animal
ammonia emissions. This adjustment provides a win-
win situation for both the dairy industry and society.
On many farms, there is an opportunity to lower
ration CP by 0.5 to 1.5 units with minimal risk of
lowering milk production. This can have significant
implications on both farm profitability and nutrient
management practices.  There are a limited number
of farms that have already made the step of feeding
lower CP rations. These farms may have limited
opportunity to further lower ration CP. However,
they demonstrate that lower CP rations can be used
in herds while maintaining high levels of milk
production.  

NITROGEN USE IN THE DAIRY COW
Even though N metabolism in the dairy cow is
complex, it can be broken down to a few key points.
Nitrogen consumed in the feed is either used as a
nutrient source to support milk and milk protein
production or it is excreted via urine and feces. The
dairy cow has a limited ability to store N compared
with energy. Milk N efficiency is one index that can
be used to assess the efficiency of N use in the dairy
cow. This index is simply the ratio of the quantity of
N excreted via the milk divided by the quantity of
feed N consumed. The MNE values observed in
commercial dairy herds usually ranges between 20
and 35%. This implies that 65 to 80% of the consumed
N is excreted in the manure. As ration CP increases,
the MNE value tends to decrease. Table 1 contains
information from a research trial in which rations
ranging from 13.5 to 19.4% CP were fed (Olmos
Colmenero and Broderick, 2006). The key points from
this table are:

- The quantity of N excreted in the milk changed
very little for all levels of ration CP used in this
trial.

- Total manure N excreted per day increased as
ration N intake went up.

- The portion of the total manure N found in the
fecal portion varied little with increasing ration
CP levels.

- As total N excretion went up with higher levels
of ration CP, urinary N was the main route of
excreting this excess N.

- Milk N efficiency decreased as ration CP
increased.

Table 1.
Nitrogen intake and excretion
from rations varying in CP levels

Ration CP,% 13.5 15 16.5 17.9 19.4
N intake, g/day 483 531 605 641 711
Milk N, g/day 173 180 185 177 180
Total manure N, g/day 309 316 376 410 467
Fecal N, g/day 196 176 186 197 210
Urinary N, g/day 113 140 180 213 257
Urinary N, % of manure N 36.5 44.3 47.8 52 55
Milk N, % of N intake 36.5 34 30.8 27.5 25.4
Source: Olmos Colmenero and Broderick, J. Dairy Sci. 89:1704, 2006

WHAT ABOUT RESEARCH RESULTS?
A number of research trials have been conducted
examining lower CP levels and milk production.
Many of these have been partial lactation trials rather
than full lactation studies. A trial in Sweden
concluded that rations with 16 – 17% CP were
adequate for early lactation cows when rations were
balanced including RDP and RUP (Nadeau et al.,
2007). A study in Wisconsin reported that diets
containing 16.1% CP had similar milk and milk
protein yields to a ration with 18.8% CP (Leonardi et.
al, 2003). This study use mid-lactation cows
averaging about 90 lbs. of milk per day.

A full lactation trial was done comparing 4 protein
feeding strategies (Wu  and Satter, 2000). Each cow
was fed 2 TMR’s during lactation. Ration CP levels
during weeks 1-16 and 17-44 weeks of lactation were
15.4 – 16 (A), 17.4 – 16 (B), 17.4 – 17.9 (C) and 19.3 –
17.9 (D). Cows feed rations B, C and D had similar
levels of milk production (25,500 – 26,000 lbs) while
cows on ration A averaged 23,500 pounds of milk.

Feeding Low Crude Protein Rations to Dairy
Cows – Opportunities and Challenges
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Total lactation N intakes were 416, 470 and 471
lbs/cow for rations B, C and D. Total N excreted in
the manure was 308 (B), 357 (C) and 354(D) lbs/cow.
Cows fed rations C and D consumed about 54 lbs.
more N per year than cows on ration B but excreted
and extra 50 lbs. of N in the manure. Basically, all of
the extra N consumed by cows on rations C and D
was excreted in the manure and not used by the cow.

FIELD TRIAL DATA
Two dairy herds in New York were used in a field
trial to examine the use of the Cornell Net
Carbohydrate and Protein System (CNCPS 6.1) model
to lower ration CP levels (Higgs, 2009). The changes
made in the N portion of the CNCPS model used in
this trial have been previously described (Van
Amburgh et.al. 2007). The herds used were selected
in cooperation with the nutritionist working with
these herds. One herd used a nutritionist from a
major feed company and the other herd used an
independent consultant. The initial herd rations were
evaluated and ration adjustments suggested that
could be made to lower ration CP levels. Rations
were adjusted a number of times over the 8-month
period of the trial. This trial was done between
September, 2008 and April, 2009. Ration changes were
not implemented unless the herd nutritionist agreed
with the changes suggested as a result of the CNCPS
model runs. The goal of this trial was to lower ration
CP, improve the efficiency of N use and validate field
use of the CNCPS 6.1 model. Milk income and feed
costs were calculated using constant values typical of
New York prices for April, 2009. There were a
number of feed and forage changes made on both
farms during the course of the trial as inventories,
quality and silos changed. Both farms also replaced a
portion of the purchased corn meal with farm
produced high moisture corn during the trial.
Monthly DHI and daily milk component data (fat, TP,
MUN) was obtained for each farm.

Table 2 contains an overview of the results for each
farm.  Farm A had about 400 milking cows while
farm B had about 600 cows. Key points from this
table are:

- There was an increase in % milk true protein in
both herds. This most likely was related to the
decrease in ration fat levels and the increase in
ration starch levels. 

- Milk urea nitrogen (MUN) values decreased by
about 2 units in these herds. This reflects
improved N utilization by the cow and less N
excretion.

- Ration CP levels were lowered about 1 unit.

- Ration fat levels were lowered and ration starch
levels increased as ration CP was lowered. This
provides an opportunity to increase microbial
protein synthesis.

- Total ration metabolizable protein (MP) was
decreased in Herd A. Total MP changed very
little for Farm B even though ration CP
decreased.

- Manure N and urinary N decreased in both
herds. This would decrease the ammonia
emission potential of these herds.

- Milk N (as % of N intake) increased about 2-3
units. This is an index of improved efficiency of
N use. The ratio of milk N to urinary N also
increased. This is another indication of
improved N use and less N excretion.

- Both total and purchased feed costs were
reduced in both herds.

- Income over feed cost and income over
purchased feed cost increased in both herds.

- There are additional opportunities to further
improve N utilization in these herds. Balancing
for amino acids would be the next logical step
in both herds. However, there are some daily
management considerations that need to be
addressed before trying to go the next step in
these herds.

DAIRY HERDS FEEDING LOWER CRUDE
PROTEIN RATIONS
As we started to select herds for the field trial, a
number of herds already feeding lower CP rations
were identified. It would be difficult to make
additional decreases in ration CP or N in these herds.
However, it was decided to put the information
together for these herds to gain insights into the
rations being used. Table 3 contains data on a number
of herds feeding lower CP (<16%) rations. The
information on these herds was provided by the feed
industry person working with the herds.  The herds
in Table 3 are from Wisconsin, Michigan,
Pennsylvania and New York and were provided by
10 different nutritionists or consultants. All of these
herds feed total mixed rations. The rations provided
were all evaluated using the CNCPS 6.1 program.
Some key observations from the information in Table
3 are:

- Milk production is high (>80 lbs/day) for most
herds. The rations for herd D and H are the high
group rations for that farm.

- MUN values are consistently < 12 mg/dl except
for herd N.

- Most herds feed high (>55%) forage rations.
- Ration fat levels tend to be moderate while NFC
and starch levels are at the upper end of the
range found in most rations.



44

- Corn silage is the primary forage except in herd
H. Herd H feeds only grass silage.

- The efficiency of N use is high in these herds.
Milk N efficiency ranged from 28 to 38% of the
intake N.

- There is a wide variation in the amino acid
balance in these herds. In most cases, this
appears to be an area of opportunity for future
consideration. 

- This information does verify that lower CP
rations can be fed in commercial dairy herds
and will support high levels of milk production
while improving the efficiency of N use and
decreasing N excretion to the environment. 

Table 2.
Field Trial Results

Item Herd A– Herd A– Herd B– Herd B–
Initial Final Initial Final
Ration Ration Ration Ration

Milk, lbs 79 80 82 80
Milk fat, % 3.58 3.63 3.56 3.63
Milk true protein, % 3.03 3.11 2.96 3.07
MUN, mg/dl 14.8 12.5 14.5 12
Forage, % of ration DM 54 57 60 48
Corn silage,% of forage 59 71 53 60
Ration CP, % 17.5 16.6 17.7 16.9
NDF, % of DM 32.5 33.6 31.3 33.2
Starch, % of DM 23 27.6 23.6 26.3
Fat, % of DM 4.3 3.8 5.4 4.2
Total MP, g/day 2950 2769 2646 2690
N intake, g/day 697 641 655 629
Manure N, g/day 500 441 469 441
Fecal N, g/day 250 237 233 231
Urine N, g/day 250 204 236 210
Milk N, % of N intake 28 31 28 30
Milk N:Urine N 0.78:1 0.98:1 0.78:1 0.9:1
Feed cost, $/cow/day 5.88 5.43 6.14 5.97
Purchased feed, $/cow/day 3.55 2.96 3.73 3.42
IOFC, $/day 3.08 3.83 3.01 3.22
IOPFC, $/day 5.41 6.30 5.42 5.77

CHALLENGES TO LOWERING RATION CP IN
DAIRY HERDS
There are always considerations and risks involved
when altering rations and nutrition management
programs on dairy farms. The size of the “safety
factor” used in formulating rations is a tool routinely
used by feed industry professionals and consultants.
They vary the safety factor based on their evaluation
and assessment of the consistency of forages and
daily feeding management practices. In 2006, we
surveyed a number of New York feed industry
personnel for the challenges they felt needed to be
considered as ration CP levels are lowered. The
primary factors they listed were:

- Consistency and quality of daily on-farm feed
mixing and feeding management.

- Daily variations in forage quality and dry
matter.

- Herds feeding total mixed rations versus
component fed herds.

- Lack of on-farm forage dry matter
determinations and the use of this information
for adjusting the quantity of feeds added to the
mixer wagon.

- Herd grouping and ration strategies.
- The increasing level of soluble protein in home-
produced forages.

- The increased use of baleage on some farms.
- Accuracy of the forage samples and the forage

lab analyses.
- Limited availability of daily milk urea nitrogen
(MUN) values as a monitoring tool. 

- Are our ration formulation tools accurate
enough to crank down ration CP and be
comfortable with the results?

- The need to gain experience and a comfort level
in lowering CP in rations and observing herd
responses.

- Lack of “real” farm information from herds that
have successfully adopted lower CP rations.

WHAT DO WE BALANCE FOR?
Crude protein is the term that has been used to
formulate and evaluate dairy rations for many years.
However, a number of refinements have been added
over the years to increase the usefulness of the CP
system. These include considering soluble protein,
rumen degraded protein (RDP) and rumen
undegraded protein (RUP). The recent Dairy NRC
publication suggests that metabolizable protein (MP)
should replace CP for ration formulation (NRC,
2001). Metabolizable protein is basically the sum of
microbial protein and RUP. The NRC committee
examined the relationship between ration CP and
milk production using 393 treatment means from 82
published research trials. Ration CP % accounted for
only 29% of the variation in milk production in these
studies.

Dairy cattle do not have a CP requirement but do
need absorbable amino acids to meet requirements to
support lactation, pregnancy, maintenance and
growth. A more biologically correct way to balance
rations is using the MP approach. This is outlined in
more detail by Varga (2007). Balancing for MP
requires the use of computer model since it is not a
static system.   
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SUMMARY
Both research and on-farm trials indicate that many
herds have an opportunity to lower ration CP levels
without altering milk production. The following
points should be kept in mind as you consider
implementing this on herds that you work with.

1. Is this herd a candidate for lowering ration
CP level:
a. Is the current ration CP > 16.5% CP?
b. Are herd MUN levels > 12 mg/dl
c. These are initial cut points. Herds above

these levels have good opportunity to
benefit from lower ration CP. There may
still be a possibility to lower ration CP in
herds below these cut points but there the
responses will be smaller.

2. How consistent are the daily feeding and
feeding management procedures?

3. How consistent are forages and forage dry
matters on a daily basis?

4. Do both you and the dairy producer believe
that this approach will work?

5. How will you monitor the potential responses
to adjustments in ration CP levels?

I feel that many of our herds have the potential to
lower ration CP levels by at least 0.5 to 1.5 units
without impacting herd milk production. However,
there can be significant economic and environmental
impacts of these changes. 
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Item A B C D E F G H I J K L M N
Cows 1550 108 270 920 140 100 700 225 180 45 220 45 250 53
Milk, lbs 88 88 85 116 89 85 89 90 95 80 75 85 85 72
Milk fat,% 3.6 3.6 3.8 3.2 3.65 4 3.5 4.1 3.6 3.6 3.85 3.7 3.56 3.64
Milk true protein,% 3.05 3.2 3.07 3 3 3 3.1 3.1 3.1 3.1 3.2 3.2 3.03 2.9
MUN, mg/dl 10.6 12 - 8 8-10 9 7-9 9 8-9 8-9 8-9 8-9 10 14
Ration CP, % 15.9 15.5 15.7 15.9 14.3 16 16.3 15.7 15.8 15.6 15 15.6 15.5 15.8
MP, g/cow 2625 2720 2961 3306 2599 3016 2792 2710 2744 2305 2256 2419 2739 -
Lysine, % of MP 6.6 6.23 6.4 6.74 6.42 6.17 6.64 5.6 5.77 6.32 6.23 6.31 6.29 6.4
Methionine,% of MP 1.94 1.96 2.05 2.71 2.1 1.77 2.79 1.9 1.85 1.91 1.88 1.91 1.93 1.9
Lys:Meth 3.4:1 3.18:1 3.12:1 2.5:1 3.05:1 3.5:1 2.38:1 2.9:1 3.12:1 3.3:1 3.3:1 3.3:1 3.3:1 3.3:1
NDF, % 28.9 30.8 30.7 30.9 31.4 31.5 32.2 36 32.3 29.3 31.5 29.3 31.5 33.7
Forage NDF, % of BW 0.88 0.86 0.86 0.94 0.99 0.91 0.88 0.9 0.99 0.89 0.78 0.89 1.02 0.94
NFC, % 43.4 41.9 40.6 41.5 42.4 38.1 39.1 34 39.3 41.3 40.7 44.4 42.5 40
Starch,% 28.5 27.1 31.6 28.7 29.3 24 27.6 23 28.7 28.6 27.6 29.5 28.6 29
Sugar, % 3.5 3.1 4.2 5.4 5 3.3 5.1 3.7 3.5 3.7 3.4 4.1 7.4 3.9
Fat, % 4.3 3.8 4.3 5.1 4.4 5.2 5.4 6.5 5.1 5.1 4.8 4 5.2 4.1
Forage, % of ration DM 57 60.4 48 60 59 57 53 42 51 59 52 59 55 60
Corn silage, % of forage 80 72 37 68 53 47 64 0 58 56 49 38 74 46
Milk N, % of N intake 35 35 32 38 36 28 35 34 35 35 35 36 31 32

Table 3
Commercial Dairy Herds Feeding Lower Crude Protein Rations
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Take Home Messages:
• The Intelligent Ration Management (dg
precsionFEEDING) system includes a near
infrared reflectance (NIR) scanner mounted in
the bucket of the feeding tractor that scans
forages and adjusts the amount to add to the
mixer based on the dry matter (DM) of each
ingredient with the goal of maintaining a
consistent diet. 

• A controlled field study using 500 cows on a
commercial Minnesota dairy farm
demonstrated that the dg precisionFEEDING
works properly in harsh environments and it is
able to scan forages, wirelessly make
corrections for ingredient deviations from the
recipe, and optimize automatically feed intake
and milk production.  Final results present
dairy efficiency comparable with the industry
gold standard of weekly sampling, diet DM
correction and highly skilled feeders able to act
as a human precision feeding system.

• Dairy farms struggling with variability in
forage DM or changes in ingredient DM due to
precipitation or inexperienced feed personnel
may benefit the most from automatic precision
feeding systems. 

• Technology for in line DM measurement and
nutrient feed predictions and future technology
applications such as milk and manure analysis
will allow dairy producers to adjust and
manage variables with precision to reach their
objectives.

Introduction
What is precision nutrition?  Precision is defined as
being exact; neither more nor less. Precision dairy
nutrition is a system concept that includes meeting
cow’s nutrient requirements so that nutrient
availability does not limit her performance in an
economically viable and environmentally sustainable
way.  Precision nutrition or precision feeding likely
means something different to each producer.
Precision feeding may mean minimum feed cost to
produce a cwt of milk, feeding to optimize milk
protein yield, feeding to minimize the impact of
thermal stress, or may mean managing nitrogen and
phosphorous excretion.  

Perhaps precision dairy nutrition can be as simple as
setting a goal and then developing a system of
process control by which the end result is achieved
and where a minimal amount of variation occurs
along the way.  On farm applications of precision
dairy nutrition should offer increased productivity,
efficiency and profitability.         

Historically speaking, successful dairy farming has
always required a degree of precision.  The dairy
farms precision instrument is and will continue to be
the watchful eye of the stockman that through
experience and dedication knows his cattle and his
land and understands relationships inside and
outside the farm gate.  The U.S. dairyman has been
incredibly successful in producing dairy products
economically and efficiently; however the quest for
continued improvement has led to the need and
desire for greater feeding precision.  Additionally,
increased volatility of commodity prices and pressure
to minimize the risk of negative impact on the
environment has also renewed interest in precision
feeding. 

The world-wide computer revolution has brought
speed and precision in mechanical, intelligent
automation and data analysis capabilities.  These
advancements can be seen in agronomy where global
positioning systems (GPS) allow for precision
fertilization, planting, spraying and harvesting of
crops.  Robotic milking systems have re-invented the
producer’s role on the dairy with a shift away from
manual labor towards an administrative role.
Automated calf feeding systems have certainly
garnered considerable interest from some producers
in the dairy industry.            

As a dairy industry, we have continuously made
strides towards precision dairy nutrition.  Research
over the past 100 years has aimed at defining nutrient
requirements of lactating dairy cows, developing
better plant genetics for better quality feed,
improving feed storage and processing techniques
and improving nutrient intake and efficiency of
nutrient utilization.  More recently, dairy nutritionists
have developed more advanced diet modeling
software, started formulating diets to meet amino
acid requirements, and designed feed additives with
specific effects for improved health and performance. 

Controlling Variation with
Precision Feeding Applications

Noah Litherland1, Dayane Lobao1, Dana Allen2, Andrea Ghiraldi3, and Alberto Barbi3
1University of Minnesota; 2Gar-Lin Dair2; Dinamica Generale3

lithe003.@umn.edu



What is the future of precision feeding?  New
technology will likely be more robust and capable of
achieving efficiency beyond the current design of
dairy feeding systems.  Technology applications such
as on-farm nutrient analysis of feed, milk, and
manure will likely allow the user to adjust and
manage variables within the system to reach specified
objectives.  Data links between the parlor and the
feeding system in robotic milking systems already
allow producers to meet individual cow nutrient
needs more precisely.  Future applications of this
technology on a larger scale are likely to be exciting! 

Background
Routine measurement and correction of ingredient
dry matter (DM) on farms has been an opportunity
for improvement on most dairies.  Approximately
half of all operations (51.1 %) in the U.S. feed a totally
mixed ration (TMR) (NAHMS, 2007).  Current on-
farm strategies to control variation in ingredient DM
include hand sampling of forages and submission of
samples to a commercial testing lab or on farm DM
analysis.  Frequency of on farm DM adjustments is
highly variable among farms.  Efforts to correct for
the variability in feed ingredient DM at the time of
mixing should reduce TMR nutrient and DM
variation leading to improve dairy efficiency and
reduced feed costs.  The effects of inherent variability
in ingredient DM on diet consistency and cow
response on commercial dairy farms is poorly
understood.  Dairy producers recognize and have
expressed concerns regarding the effects of variation
in DM content of diet ingredients.  Failure to correct
changes in ingredient DM due to ingredient
variability or due to climate may result in changes in
final nutrient composition of the diet and total
amount of DM offered.  In addition to shifts in
nutrient composition, ingredient DM variability can
result in overfeeding DM where excessive feed
refusals occur or underfeeding DM where DMI is
limited by the amount of TMR available prior to the
next feeding. 

Variation in the nutrient content of diets as a TMR to
dairy cows is receiving increased attention because of
its effects on cow performance, farm profitability, and
the environment (Fade et al., 2006; Kohn, 2006; St-
Pierre and Weiss, 2006).  Control of this variation can
occur during diet formulation (St-Pierre and Harvey,
1986; Tozer, 2000), diet preparation (St Pierre and
Weiss, 2006), or at the time feed ingredients are
sourced.  Variation can be reduced either by
purchasing less variable feeds such as commercial
ingredients or from use of on farm quality control
programs at harvest (St Pierre and Weiss, 2006).
Forages are among the most variable feed
ingredients, whether they are produced on farm or

purchased (Mertens, 2006).   Sources of variation in
forage nutrient composition and quality include
growing conditions, plant genetics, harvesting
conditions and methods, and storage quality and
consistency.  Management of forages at feed out can
add variability as well.  Forages harvested as multi-
crops within one season are often co-mingled in one
structure to reduce on farm investment in storage
structures adding additional daily variation in
ingredient nutrient composition.  

Inherent variation in the nutrient composition of
feedstuffs, environmental factors, equipment, and
human influence result in challenges in maintaining
consistency of dietary composition.  An observational
study of fifty high producing dairy herds in
Minnesota demonstrated the neutral detergent fiber
(NDF) content of the analyzed diet was greater than
the NDF content of the formulated diet (30.6 and
29.8% respectively).  In contrast, the crude protein
content was lower (17.5 analyzed and 17.9%
formulated, respectively) (Endres and Espejo, 2010).
Analyzed DM content of the diets was not different
from formulated (52.3 and 51.9% respectively)
(Endres and Espejo, 2010).  The small difference
(0.4%) between formulated and analyzed TMR DM
indicates the accuracy by which cows in high
producing herds can be fed.  However, the range
associated with formulated and analyzed diet DM is
quite striking with a minimum of 39.3% and a
maximum of 62.1% and demonstrates the need for
improved feeding precision.  Diet samples for the
Minnesota study were collected monthly and
therefore the author’s intent was not to demonstrate
the day to day variability of TMR nutrient
composition on farms.  Weather shifts likely plays an
important role in the amount of variability of feeding
management plans.  A large field study conducted in
California indicated that total monthly precipitation
was negatively correlated with DHIA test day milk
(Stull et al., 2008).  Additionally, meteorological
changes have been correlated with increased
incidence of abomasal displacement (Cannas da Silva
et al., 2004).

There is inherent variation associated with hand
sampling TMR and measuring ingredient DM in an
oven.  The precision of hand sampling is influenced
by the accuracy of the method in which the sample is
collected.  Large feed bunkers present a challenge for
collecting a representative sample.  The process of
conducting an oven DM measurement is a source of
error as well.  The drying procedure removes
moisture, but volatile organic acid compounds are
also removed contributing to challenges associated
with actual measurement of DM.  These volatile
compounds may have nutritional value especially in
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the case of silage.  Rain, snow, and dew can add
moisture to silage and the sun or aerobic respiration
on a bunker face can dry it out.  

In order to determine the optimal ingredient
sampling technique, St-Pierre and Cbanov, 2007, used
statistical process control to determine how many
samples and the frequency of ingredient sampling.  It
was determined that collection of one forage sample
per month and intervening (make a diet change)
when the results differ by more than 2 standard
deviations from the expected value was close to the
optimal sampling design in small herds.  However, in
large herds the optimal sampling design required
collection of 2 samples every 4 days and intervening
if the average of the two samples differs by more
than 1.2 SD from the expected value.  The optimal
design was demonstrated to reduce daily costs by
about $250 (St Pierre and Cobanov, 2007).    

Questions remain regarding the biological
mechanisms by which changes in TMR DM effect
cow performance.  Likely mechanisms include;
selective particle consumption, diet palatability, diet
nutrient composition and changes in the amount of
DM available for consumption.  Precipitation has
been suggested to cause decreased milk yield, yet the
mechanism remains unclear.  If we predict that
forages stored in bunkers or piles are the most
susceptible to shifts in DM due to precipitation
(assuming most concentrates will be stored inside)
then it is likely that lower forage DM would result in
a general shift towards lower forage and higher
concentrate diets on a DM basis during or
immediately following a rain event.  Low forage and
higher concentrated diets typically (at least in the
short term) result in higher energy intake potentially
increasing milk yield and decreasing DMI.  Perhaps
decreases in milk yield occur in the days following
the shift in forage DM as a result of sub-acute
ruminal acidosis (SARA) resulting in a disruption in
ruminal fermentation.   

The planned addition of water to a TMR to reduce
DM from 57.6% to 47.9% resulted in a reduction in
DMI and a tendency towards selective consumption
(sorting) (Miller-Cushon and DeVries, 2009).  The
decrease in DMI and selective consumption resulted
in significant decreases in NDF and starch intake
which may have reduced the efficiency of digestion.
The reduction in DMI in this study resulted in a 0.8
kg/d reduction in milk yield.  Felto and DeVries
(2010) reported that reducing diet DM by adding
water to the diet increased selective consumption and
reduced DMI especially in heat stressed cows.  Few
studies have evaluated the effects of variation of
nutrients on cow performance.  St Pierre et al. (2005)
showed that variation in daily dietary CP content

does not affect milk production in mid lactation if the
cycle of variation is over a period of two days.  

Targeting a lower feed refusal amount while safely
maintaining the consistency of adequate DM
availability would reduce feed costs without affecting
cow performance.  However, lowering the targeted
amount of feed refusals may limit DMI if feed bunks
become empty prior to subsequent re-feeding.  In a
field study involving forty-seven herds in Spain, Bach
et al. (2008) reported 59.6% of the herds provided
enough feed to ensure that there were feed refusals.
Additionally, herds that fed to ensure feed refusals
tended to produce more milk (29.1 ± 0.61 kg/d) than
those that did not allow for feed refusals (27.5 ± 0.73
kg/d).  Feeding to a targeted feed refusal amount of
DM becomes increasing difficult with greater
variability in ingredient and final diet DM.

There is considerable interest in precision feeding
throughout the dairy industry, however the effect of
precision feeding in regards to diet DM consistency
are not yet well understood.  The objectives of this
study were to determine the effects of real-time
adjustment of wet ingredient DM using a NIR system
mounted in the bucket of the tractor used for feeding
and accompanying precision feeding software and
scale-head on the mixer-wagon on TMR consistency
and cow response.  We hypothesize that precision
feeding using the on-farm NIR technology will
reduce the variability of DM content of a lactation
TMR compared with conventional ingredient
adjustments using weekly hand sampling and oven
DM determination.

MATERIALS AND METHODS

Animals and Housing
This trial took place in South-Eastern Minnesota from
July 28th through December 1st 2010.  Five hundred-
five dairy cows arranged in two pens (balanced high
producing groups) on a commercial dairy farm.  The
pens were located in one curtain-sided four row free-
stall barn with 4.3 meter sidewalls running East to
West with one pen on each side of the barn, with 198
sand bedded free stalls and 198 head-locks per pen.
Barn management including milking time (0700,
01500 and 2300 h) manure removal, and feed push-up
occurred in similar daily routines for both pens.
Cows were cooled using thermostat-controlled fans
and sprinklers.  Prior to the start of the study pens
were balanced by milk yield (52.9 and 51.8 kg/d) and
days in milk (110.5 and 111.8 days in milk (DIM)).
Cows were milked three times daily in a Wesfalia-
surge 50 stall rotary parlor and fed twice daily.  Cows
were fed twice daily at 0700 and 1300.  Cows were
moved in and out of pens based on DIM and
reproductive status similarly between pens.  Feed
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refusals were collected at 0630 daily by pen and
weighing in the feed mixing wagon.      

Treatments and Experimental Design
Cows were exposed to 2 treatments in a crossover
design with 9 week periods.  The treatments were: 1)
Control (weekly adjustment of ingredient dry
matter), and 2) DGfed (the NIR system scanned
individual wet ingredients (corn silage, alfalfa silage,
and high moisture corn), measured DM, CP, starch,
ADF, NDF, ash, crude fat and adjusted ingredient DM
for each bucket load of each ingredient.  Samples of
ingredient (corn silage, alfalfa silage and high
moisture corn) were collected on the same day of the
week for 18 weeks by hand sampling ingredients.
DM was determined for each ingredient by drying
for 24 hr 100°C oven.  All other ingredients in the diet
were hand sampled weekly, dried, and ingredient
DM was adjusted for both diets weekly.  Diets had
the same ingredient composition and only varied by
method of DM adjustment.  DM of each individual
ingredient was adjusted for Control and was also
used as the reference value for Dgfed.  Dgfed
software calculates change in DM from the reference
value, which is updated weekly, compared to the
scanned value to adjust the amount of each
individual ingredient added to complete the recipe.      

The diet was formulated by the producer using on-
farm ingredients to meet nutrient requirements of
high producing lactating dairy cows (NRC, 2001)
(Table 1).  Ingredient addition to the mixer occurred
in the following order (vitamin/mineral mix, Energy
Booster, corn gluten, soybean meal, ground corn,
protein mix, tallow, alfalfa silage, high moisture corn
and corn silage.  Dietary ingredients were mixed for
approximately 10 minutes in a vertical mixer wagon
(Supreme twin auger 1200T).  The amount of feed
offered to each pen was adjusted daily to ensure
approximately 2-4% feed refusals.  The experimental
design was a cross-over with two 9-week periods.  

Feed Sampling and Analysis
Corn silage and alfalfa silage were stored in covered
piles with openings facing East while the high moisture
corn was stored in a covered bunker with the opening
facing North.  All other ingredients were stored in a
commodity shed.  For determination of DM and
nutrient content, representative samples of each
ingredient, TMR, and TMR refusals was collected
weekly on the same day and time.  Samples of
ingredients, TMR and TMR refusals were frozen and
sent to Dairyland Laboratories, Arcadia Wisconsin for
wet chemistry analysis.  Organic matter concentration
was calculated as the difference between the DM
content and ash content.  Ash content was determined
using AOAC 942.05.  Crude protein was determined
using AOAC 990.03.  Amylase NDF was determined

using methods described by VanSoest, (1991).  ADF
was determined using AOAC 973.18.  Lignin was
determined by washing ADF residue with 72% sulfuric
acid followed by ashing.  Ether extract was determined
by AOAC 920.39.  Sugar was determined by measuring
total ethanol soluble carbohydrates.  Starch was
determined using an enzymatic method described by
Knudsen, (1997).

Two experienced feed technicians were responsible
for mixing and delivering TMR during the study.
Pens were fed in the same order throughout the
study.  Prior to the first feeding, a sufficient amount
of feed for both feedings was removed from the face
of all three wet ingredients.  Faces of corn silage and
alfalfa silage piles were removed with a tractor
mounted rake and high moisture corn face was
removed with a rotary knife.  After removal from the
face, each wet ingredient was mixed with the tractor
loader to produce a homogenous pile.  The first TMR
was prepared at 0630 and the second batch was
prepared at 1130.  Body condition (BCS) (N = 50) and
fecal scores (N = 45) were assigned to a subset of
cows in each pen weekly.  BCS was assigned on 0.25-
unit increments (Ferguson et al., 1994) for a subset of
cows weekly.  Manure scores were assigned using a
five point system (Hall. 2005).  Total weekly
precipitation and average temperature were collected
from a local airport data log at the completion of the
trial.  The airport is located fifteen miles North/West
of the dairy farm.

Milk Production and Components
Milk production for each cow and both pens were
monitored daily using milk meters in the parlor.
Milk samples were taken from each animal at one
milking every two weeks of each period.  These
samples were sent to the DHI testing laboratory
(Minnesota DHIA, Zumbrota, MN).  Milk samples
were preserved (800 Broad Spectrum Microtabs II; D
and F Control Systems, Inc. San Ramon, CA).  Milk
samples were analyzed for fat, protein, lactose, urea
N, and SCC using mid-infrared procedures (AOAC,
1995) at a commercial laboratory (DHIA, Zumbrota,
MN).  Milk fat and protein yield (kg/d) were
calculated, for the day of sampling based on the
product of the milk production yield and milk
composition and the single milking on the day of
sampling.  Milk samples were collected on weeks 2,
4, 6, and 8 of each period.     

Statistical Analysis
All data were analyzed using the Mixed procedure of
SAS (SAS Institute, 2003).  The final model included
the fixed effects of period, treatment, week, and
treatment × week.  The random effect was defined as
pen or cow within period.  Interaction of treatment
and time were tested within the model when
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appropriate.  PDIFF was used for least squares means
separation.  All values reported are least squares
means and the largest treatment standard error of the
mean (SEM).  Significance was declared at P ≤ 0.05,
and trends reported if 0.05 < P ≤ 0.10.  Data from
cows identified in the milking parlor as having zero
milk production, but were recorded as remaining in
their pen were treated as missing data in the analysis.
During week six of block two there was a technical
problem with the Dgfed treatment and therefore data
from this week was treated as missing data for both
treatments.     

The owner of the farm initially established the
maximum DM correction limit to 5% from the
beginning of the study until October 22nd at which
point this correction limit was increased to 10%. The
farm owner decided to increase the range of DM
adjustment to 10% after the rain event of the 23rd of
September because, in that specific condition, the
Dgfed correction would have been larger than 5%,
resulting in greater precision of TMR DM, which was
acceptable to the producer.  We hypothesized that a
greater range in DM correction would offer a better
test of the equipment.  Animals per pen and DIM
were kept nearly constant, however, cows were
moved in and out of each pen on a weekly basis,
therefore this movement may have resulted in a
blunted animal response to any treatment as changes
in cow behavior and the rumen ecosystem were
factors that we anticipated would be impacted by
increased feeding precision.              

RESULTS
Pen DIM was 4.6 days higher (P < 0.05) for Dgfed
compared with those of Control and averaged 108.4
and 113.0 d for Control and Dgfed respectively (Table
2).  Cows within pen were balanced by the farm
owner by moving cows (10-20 head) in and out of
each pen every Thursday.  Number of cows per pen
was not different among treatments and averaged 252
and 253 cows per pen for Control and Dgfed
respectively (Table 2).  Stocking density (both stalls
and head-locks) ranged between 128 and 130%
throughout the study.  

Dietary fat was higher (P < 0.05) for Control vs.
Dgfed TMR, however energy density (NEL) of the
two diets were not different (Table 3).  All other
measured nutrients were similar between treatments.
TMR DM was nearly identical and averaged 46.0
percent for control and Dgfed.  Nutrient composition
values are based on weekly hand sampling of TMR
and refusals followed by analysis using wet
chemistry methods.  Weekly sampling of TMR and
refusals may have been insufficient to observe
treatment differences.  The SEM for TMR and feed
refusal DM are low for this study.  A comparison with

similar field trials is difficult as very few studies
report diet DM and even fewer studies report the
SEM of the DM.  DM of refusals was 44.0 and 43.0%
for Control and DG fed pens and was not different
between treatments (Table 4).  Calculated difference
for selected nutrients between diets for TMR and
TMR refusals were not different (Table 5).  The small
numeric differences between the calculated difference
in nutrients offered and nutrients refused for both
treatments as well as similarities in particle size likely
indicates that very little diet sorting occurred.    

The lack of differences in the nutrient composition
between treatments is not surprising given the
consistency in forages and the precision of feeding
procedures used on this farm.  It is likely to be
difficult to measure the effects of small changes in
ingredient DM on the nutrient composition of the
diet on a DM basis using weekly sampling frequency.
We hypothesized that a key benefit of real time
corrections for changes in ingredient DM would be
consistency of amount of DM offered to ensure that a
decrease in ingredient DM would not result in
insufficient feed delivery.  The improved feeding
precision however was masked as feed refusals
averaged 5.0% for both treatment groups resulting in
abundant supply of feed.          

The nutrient composition of corn silage, alfalfa silage
and high moisture corn are described in Tables 6, 7
and 8.  Nutrient composition for these ingredients
did not differ by week within period; however there
were some significant effects due to block indicating
that although significant changes in the nutrient
composition were not measureable from week to
week there were significant changes for some
nutrients in forages over the two month period.  This
significant period effect underscores the importance
of analyzing forages and making diet adjustments at
least every month/two months.  Moreover, the lack
of a weekly difference in variability of the nutrient
composition of the forages indicates the consistency
of forage harvesting and storage on this dairy.
Additionally, we expected greater impact of DM
variability in nutrient composition, due to rain events
but the quality of storage minimized the impact.

Pen DM offered, DM refused, and percentage of feed
refused was not different among treatments (Table 9).
Feed refusals averaged 13.3 kg/d less for Dgfed vs.
Control pens.  Feed refusals averaged 5.0 and 4.7
percent of DM offered for Control and Dgfed and
were not different among treatments (Table 9).
Recorded feed refusals did not reach zero for any
individual days.  We estimated the length of usable
bunk to be 100 meters or about 0.42 meters/cow.  We
estimate the refusal amount to be 1.5 kg/cow/d at a
density of 3.4 kg of feed refusals/ linear meter.  The
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higher amount of feed refusals likely reduced the
impact of the precision feeding system.  At the outset
of this trial, we had intended to keep feed refusals
closer to the industry standard of 2 %.  In the case of
decreases in ingredient DM, we hypothesized that the
precision feeding would correct for this change
allowing for consistent delivery of the appropriate
amount of DM while cows fed using conventional
DM adjustment would run out of feed between
scheduled feed delivery times.  Since cows were
never out of feed, except during bunk clean-out and
re-feeding, we were unable to test this hypothesis.  

Measured pen DMI and number of average cows per
pen per week were used to calculate DMI/cow/d.
There were no differences in DMI/pen or DMI/cow
(Table 10).  Calculated DMI averaged 26.5 and 26.9
kg/d for Control and Dgfed cows.  

Milk yield per pen was calculated as the number of
cows per pen multiplied by the individual milk yield.
Individual milk yield is the sum of the three milkings
for each cow per day.  Milk yield and yields of fat
and protein at the pen level was similar between
treatments (Table 11).  Pen milk yield varied by week
(P < 0.05), but this difference can be explained by
fluctuations in cow numbers at the pen level.  Yield of
3.5% FCM at the pen level approached a tendency (P
= 0.13) as fat yield was numerically higher for
Control.  The significant effect of week at the pen
level for measures of milk yield, 3.5% FCM yield, and
yield of fat and protein can be explained due to
changes in number of cows per pen as there was no
significant effect of treatment or interaction of
treatment × week.  At the cow level, there were no
differences in milk yield or 3.5% FCM yield between
treatments (Table 11).  The lack of treatment effect on
milk yield corresponds to the lack of treatment effect
on DMI.  

The herd used in this study is a high producing herd
and this level of production was maintained
throughout the study for both treatments.  Percentage
and yield of fat and protein were similar between
treatments (Table 11).  There was a significant
treatment × week interaction as milk protein
concentration was higher for Dgfed vs. Control on
week 2 of the study; however protein yields were
similar between treatments.  The diet used in this
study was balanced for a ratio of 3:1
lysine:methionine and contained protected amino
acids with the goal of optimizing milk protein.  It is
plausible that precision ration balancing in
combination with precision feeding may work
additively to improve animal response.  Fat to protein
ratio was similar among treatments (Table 11).
Somatic cell counts were elevated for the herd overall

during this study, but were not different among
treatments.  Milk urea nitrogen (MUN) averaged 14.5
and 14.4 mg/d for Control and DGfed respectively
and was not different between treatments.  Low
MUN for cows in this study indicates well balanced
diets leading to efficient use of ruminally available
nitrogen.  Calculated dairy efficiency (DE) was
similar between treatments (Table 11).  These DE
values are impressive and indicate the stage of
lactation, genetic capability, and quality of nutrition
and management of the cows in this study.  Although
DE was similar among treatments, the numerically
higher 3.5% FCM yield and numerically lower
calculated cow DMI resulted in a 0.2 unit or a 9.5%
advantage in dairy efficiency for Control vs. Dgfed
cows.  

At the conclusion of the study, we were able to
identify 104 cows that remained in their respective
pens for the duration of the study and therefore
would have been fed their assigned diets for the full
eighteen weeks of the study.  Milk data from these
cows was analyzed separately.  We were unable to
detect any significant treatment effects for milk, 3.5%
FCM or milk component percentage or yield.  A
significant week effect for milk production variables
was measured and likely due to changes in DIM with
progressing lactation.  

In addition to adjusting for normal variation in
ingredient DM, one of our objectives was to
determine if the real-time precision feeding system
would be able to adjust for changes in ingredient DM
during times of precipitation (Table 13).  We
hypothesized that the weekly ingredient DM
adjustment (control) would be less sensitive to
changes in ingredient DM due to rain events
compared with Dgfed.  One significant rain event
occurred during week nine of block one (Table 13).
During the week of greatest precipitation, a decrease
in milk yield was observed for both treatments
(Figure 2).  The decrease in milk production occurred
two days following the largest rain event.  The
precision feeding system was able to make some
correction for changes in wet ingredient DM, but it
was limited by the operator who fixed a maximum
correction of 5% DM change; however, due to the
amount of over-feeding that was occurring, the
manual correction operated by the Feeder on the
control group, cows did not run out of feed on either
treatment and therefore it likely reduced the
treatment effect on milk yield. During the largest rain
event of the trial, 4.3 inches on September 23rd, we
observed a 2.8 Kg drop for Control but only a 1.3 Kg
drop for Dg fed cows.  The 50% lower drop in milk
yield for Dgfed cows is likely due to the equipments
ability to maintain consistency of DM fed for high
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moisture corn and corn silage as Dgfed cows were
fed 0.3 Kg and 0.4Kg more DM of each ingredient
respectively while the Control cows were overfed
alfalfa silage by 0.4 Kg

In order to gain a better understanding of the ability
of the precision feeding system to account for
changes in DM, we selected three days (September
21st – September 23rd) during block one in which the
greatest precipitation occurred during the study.
Table 14 indicates the number of cows in the pen
during the three days with reported precipitation.
Feed DM measured by the precision feeding system
for both daily feedings are reported in Table 15.
These DM values are a weighted average DM of each
bucket of each respective ingredient measured by the
precision feeding system during feeding.  The
nutrient composition of each bucket is not stored by
the equipment.  Ingredient DM percentage increased
for each ingredient from the 0630 feeding to the 1130
feeding.  An example of the increased precision
feeding was observed on September 23, 2010 in
which 11 cm of precipitation was recorded in the
area.  Records from the Dgfed group showed that the
dg precision FEEDING recorded a decrease in corn
silage DM from 31.6% (on the previous day) to an
average reading of 4-5 bucket loads of 27.0%.  Both
the control and Dgfed cows received less corn silage
DM than intended, however the Dgfed cows received
0.4 Kg more corn silage than Control.  We
hypothesize that the initial 1-2 cm of the face of the
corn silage was moistened by the precipitation.  The
precision feeding system was able to correct for the
change in DM, however, so Dgfed cows received 10.4
kg of corn silage DM as planned.  We hypothesize
that precipitation during the night decreased DM
content of the bunker face of each ingredient.  After
removal of the moistened feed, the underlying face
approximated normal DM content.  Additionally,
after face removal, forage would likely have an
opportunity to dry prior to the second daily feeding
at 1130 h.  

Amounts of DM/cow/day of each ingredient during
the selected three days are described in table 16.
Data are difficult to interpret due to multi-factor
interactions of error in ingredient amounts loaded,
the operator specified maximum correction of 5% DM
change, and the operator specified diet change in the
amount of alfalfa silage fed to correct loose stool
observed in the herd.          

Body condition score (BCS) and fecal score were not
different among treatments.  Body condition score for
cows on both treatments decreased (P < 0.05)
throughout the study (Table 17).     

SUMMARY
The control and Dgfed cows maintained nearly
identical intake, production and efficiency  The farm
selected for this field study is considered to be an
excellent farm and the managers do an exceptional
job of minimizing the impact of the environment on
cows and feed stores.  The feeding routine on this
dairy is exceptional as well and is evidenced by the
high yield and efficient performance.  Treatment
differences might be greater on a farm managed with
less precision or during alternate times of the year
with greater precipitation.  

Future studies should not restrict the correction limits
for the Dgfeeding system.  The limit to the correction
allowable biases the treatments against the Dgfeeding
system and reduces potential for measurable animal
response.  This trial was able to demonstrate that the
Dg precision feeding system is durable and is capable
of functioning properly in harsh environments and it
is able to scan forages, wirelessly make corrections
for ingredient deviations from the recipe, and
optimize automatically feed intake and milk
production.  Final results present dairy efficiency
comparable with the industry gold standard of
weekly sampling, diet DM correction and high skilled
feeders able to act as a human precision feeding
system..    The lack of difference in nutrient
composition and amount fed in a well balanced study
resulted in little to no measurable treatment
differences.  There were no statistically significant
differences in cow performance between ingredient
DM adjustment techniques.  Dgfed cows performed
as well as those fed using traditional DM adjustment
techniques.  Dairy farms struggling with variability
in forage DM or changes in ingredient DM due to
precipitation or inexperienced feed personnel may
benefit the most from automatic precision feeding
systems. 

Future research should evaluate the effects of
precision feeding in early lactation cows where cows
are likely more sensitive to changes in TMR DM.
Additionally, the effects of precision feeding on
reducing the impact of dairying on the environment
should also be explored.  

New technology must be implemented to continue to
improve the accuracy and precision of feed mixing
and delivery.  Measuring DM and making the correct
diet changes to adjust for DM changes requires
obtaining an accurate sample and correct changes in
the diet to reflect the new ingredient DM.  Increasing
volatility of commodity prices, concerns for the
environmental impact of dairying are important
reasons to seek sustainable farming practices in order
to more efficiently produce milk.  Additionally, real-
time adjustment of DM allows for producers to
correct for changes in ingredient DM as they occur.
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Table 1.
Ingredient composition of diets fed to multiparous

lactating Holstein cows.

Ingredient % of diet DM

Corn Silage 36.6
Alfalfa silage 22.5
High moisture corn 17.9
Lactation protein mix 6.9
Energy Booster 100a 1.4
Soybean meal, 48% 6.4
Corn gluten feed pellets 5.2
Finely ground corn 2.1
Tallow 0.80
Vitamin/mineral mix 0.08
aMilk Specialties Corporation, Carpentersville, IL 

Table 2.
Least squares means for days in milk (DIM) and
number of cows per pen for multiparous Holstein
cows fed a TMR using conventional or real-time
precision adjusted wet ingredient dry matter.

Treatmenta P-Value
Variable ControlDgfed SEM Treatment Week Treatment × Week

DIM 108.4 113.0 5.4 0.05 0.93 0.60
Cows/pen 252 253 6.1 0.77 0.32 0.57
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.

Table 3.
Chemical composition and particle size of diets
fed to multipatous lactating Holstein cows fed
either control or Dgfed (precsision feeding). 

Treatment P-Value    Treatment x
Variable Control Dgfed SEM Treatment Week week

Chemical
DM, % 46.0 46.0 0.6 0.8 1.0 1.0
CP, % 17.9 17.7 0.3 0.6 0.4 1.0
Protein Sol., % of 
Crude Protein 39.2 40.0 1.4 0.7 0.6 0.7
ADF, % 20.8 20.6 0.4 0.7 0.3 1.0
NDF, % 29.0 28.9 0.5 0.9 0.3 1.0
NEL, Mcal/kg 1.6 1.6 0.01 0.8 0.2 0.8
Starch,% 27.5 28.0 0.6 0.5 0.6 1.0
Sugar,% 2.5 2.5 0.2 0.9 0.07 0.7
Fat, % 4.7 4.4 0.1 <0.05 <0.05 0.2
Ash, % 8.0 8.1 0.2 0.7 0.3 0.9
DCAD, mEq/kg 184.0 187.0 7.5 0.8 0.4 1.0
Ca, % 0.9 0.9 0.03 0.8 0.2 0.9
P, % 0.37 0.37 0.005 0.7 0.05 0.8
Mg, % 0.33 0.35 0.007 0.2 <0.05 0.4
K, % 1.58 1.58 0.03 0.9 0.3 1.0
S, % 0.18 0.18 0.003 0.8 0.7 0.4
Na, % 0.46 0.49 0.03 0.4 0.3 1.0
Cl, % 0.56 0.60 0.03 0.3 0.6 1.0
Particle Size
%, as-fed retained
>19.0 mm 5 6
19.0 to 8.0 mm 50 48
8.0 to1.18 mm 32 33
<1.18 mm 13 12
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Table 4.
Least squares means for TMR refusal chemical
composition and particle size for multiparous

Holstein cows fed a TMR using conventional or real-
time precision adjusted wet ingredient dry matter.

Treatment P-value
Treatment

Variable Control Dgfed SEM TreatmentWeek x week

Moisture, % 56.0 56.9 0.52 0.22 0.49 0.88
DM, % 44.0 43.1 0.52 0.22 0.49 0.88
Starch, % 24.7 25.0 0.42 0.61 < 0.05 0.86
CP, % 16.9 16.9 0.46 0.98 0.27 0.93
ADF, % 23.3 23.7 0.38 0.57 < 0.05 0.81
NDF, % 32.5 32.5 0.49 0.99 < 0.05 0.83
Particle Size
%, as-fed retained
>19.0 mm 7 8
19.0 to 8.0 mm 57 53
8.0 to1.18 mm 30 31
<1.18 mm 6 7
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.

Table 5.
Least squares means for the difference between diet
and diet refusal nutrient composition TMR refusal
nutrient composition for multiparous Holstein cows
fed a TMR using conventional or real-time precision

adjusted wet ingredient dry matter.

Treatment P-value
Treatment x

Variable Control Dgfed SEM Treatment Week Week

Moisture, % -2.6 -2.7 2.5 0.97 0.46 0.16
DM, % 2.6 2.7 2.5 0.97 0.46 0.16
Starch, % 2.7 3.1 0.6 0.62 0.78 0.95
CP, % 0.9 0.8 0.4 0.89 0.11 0.64
ADF, % -2.7 -3.1 0.3 0.41 0.20 0.47
NDF, % -3.2 -3.6 0.8 0.74 0.79 0.97
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.

Table 6.
Least squares means of nutrient composition of corn

silage samples.

Week

Variable 1 2 3 4 5 6 7 89              SEM P-value

Moisture, %67.365.3 66.3 67.1 67.6 65.2 66.6 66.9 65.2 1.2 0.78
DM, % 32.7 34.7 33.7 32.9 32.4 34.8 33.4 33.1 34.8 1.7 0.78
Starch, % 31.7 33.7 33.2 32.7 31.6 33.4 32.9 30.0 31.7 2.4 0.83
CP, % 8.2 8.0 7.5 7.5 7.5 7.8 7.6 7.9 7.4 0.3 0.45
ADF, % 23.5 23.1 24.1 25.5 24.7 23.5 24.6 25.8 23.4 1.7 0.63
NDF, % 39.1 37.2 39.5 40.4 41.3 38.8 38.3 40.5 36.4 2.1 0.39

Table 7.
Least squares means of for nutrient composition of

alfalfa silage samples.

Week

Variable 1 2 3 4 5 6 7 89              SEM P-value

Moisture, %50.150.6 51.1 54.0 58.6 55.0 54.7 55.3 54.5 7.2 0.78
DM, % 49.9 49.4 48.9 46.0 41.3 45.0 45.3 44.7 45.5 7.2 0.78
Starch, % 0.5 0.4 2.9 3.3 1.1 2.2 0.6 0.3 0.5 1.7 0.51
CP, % 21.8 22.3 21.7 21.3 21.3 20.6 22.4 21.6 22.3 1.0 0.83
ADF, % 32.2 34.0 36.2 36.8 39.2 38.9 33.2 33.1 22.6 4.4 0.81
NDF, % 36.6 38.4 40.0 40.8 42.2 43.5 36.8 37.7 36.4 4.5 0.79

Table 8.
Least squares means of nutrient composition of high

moisture corn samples.  

Week

Variable 1 2 3 4 5 6 7 89              SEM P-value

Moisture, %29.629.6 29.2 30.4 28.4 27.9 33.2 36.4 31.5 3.5 0.71
DM, % 70.4 70.0 70.8 69.6 71.5 72.1 66.8 63.6 68.5 3.5 0.71
Starch, % 69.2 69.2 69.3 70.0 69.6 71.2 70.0 70.7 69.3 1.3 0.84
CP, % 9.4 9.4 9.1 9.1 9.3 7.7 8.3 7.6 8.5 0.4 0.13
ADF, % 3.1 2.6 2.5 2.5 2.8 1.8 2.1 2.3 2.0 0.7 0.12
NDF, % 7.9 6.4 6.6 7.5 7.2 5.1 5.9 2.8 5.5 1.4 0.25
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Table 9.
Least squares means for the for pen level diet offered
and diet refusal amount and dry matter multiparous
Holstein cows fed a TMR using conventional or real-
time precision adjusted wet ingredient dry matter.

Treatmenta P-Value
Treatment

Variable Control Dgfed SEM TreatmentWeek x week
DM offered, kg/d 7,004.1 7,051.3  380.0 0.88 0.23 0.76
DM refused, kg/d 343.3 330.0 101.0 0.70 0.88 0.31
DM Refused,
%/cow/d 5.0 4.7 1.5 0.64 0.95 0.36
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.

Table 10.
Least squares means for the for pen and cow level
dry matter intake (DMI) for multiparous Holstein
cows fed a TMR using conventional or real-time
precision adjusted wet ingredient dry matter.  

Treatmenta P-Value
Treatment

Variable Control Dgfed SEM TreatmentWeek x week
DMI, kg/pen/d 6,658.5 6,792.8 386.0 0.66 0.35 0.76
DMI, kg/cow/d 26.5 26.9 1.3 0.66 0.14 0.73
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.

Table 11.
Milk and component yield and dairy efficiency.

Treatmenta P-Value
Treatment x

Variable Control Dgfed SEM Treatment Week week

--------------------------------------------Pen level----------------------------------------------

Milk yield, kg/d 13,311.0 13,355.0 213.0 0.67 0.02 0.85

3.5 %FCM yield, kg/d 14,109.0 13691.0 362.8 0.13 0.08 0.29

Fat, kg/d 510.0 489.0 22.0 0.29 0.09 0.35

Protein, kg/d 394.2 398.0 11.3 0.66 0.01 0.63

--------------------------------------------Cow level---------------------------------------------

Milk yield, kg/d 52.9 52.8 1.3 0.90 0.07 0.46

3.5 %FCM yield, kg/d 56.5 54.6 2.3 0.14 0.30 0.43

Fat

% 3.8 3.7 0.19 0.71 0.23 0.58

kg/d 2.0 1.9 0.10 0.34 0.28 0.50

Protein

% 2.9 3.0 0.19 0.18 < 0.05 < 0.05

kg/d 1.6 1.6 0.06 0.77 0.10 0.71

Fat:protein 1.3 1.2 0.09 0.48 0.29 0.24

SCC, × 1,000 279.7 358.7 82.2 0.48 0.03 <0.05

MUN, mg/dL 14.5 14.4 1.5 0.89 0.74 0.84

Dairy Efficiency 2.2 2.0 0.1 0.14 0.73 0.74
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.

Table 12.
Individual cow (N = 104) milk
performance from cows

Treatmenta P-Value
Treatment x

Variable Control Dgfed SEM Treatment Week week

Milk, kg/d 52.8 52.9 0.7 0.64 < 0.05 0.25
3.5% FCM, kg/d 53.4 53.9 1.4 0.40 0.30 0.17
Fat, % 3.5 3.6 0.14 0.13 < 0.05 0.27
Fat, kg/d 1.9 1.9 0.08 0.23 < 0.05 0.19
Protein, % 2.9 2.9 0.09 0.57 < 0.05 < 0.05
Protein, kg/d 1.6 1.6 0.02 0.49 < 0.05 0.25
Fat:protein 1.2 1.2 0.05 0.14 < 0.05 0.21
MUN, mg/dL 14.8 14.9 0.39 0.77 < 0.05 < 0.05
SCC, (× 1000 cells/
mL) 83.7 95.8 50.0 0.56 0.94 0.36

aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredients dry
matter were adjusted weekly as described for the control group.



Table 13.
Total weekly precipitation during the field study.

Week

1 2 3 4 5 6 7 8 9

Block 1

Total rain,
cm 2.2 1.3 5.2 0.3 1.0 1.8 6.9 4.7 11.0
Average temperature,
°C 25.0 25.6 21.1 16.1 20.6 12.8 18.9 14.4 15.0

Block 2

Total rain, 
cm 0 0 0 2.0 0 0.1 5.7 0.6 0.9
Average temperature,
°C 16.1 11.7 13.3 4.4 7.8 13.3 2.2 -3.9 -9.4

Table 14.  
Number of cows per pen during the
main rain event during the study.

Control Dgfed Precipitation

Cows per pen cm/d

September 21, 2010 248 258 1.4
September 22, 2010 249 257 3.2
September 23, 2010 249 258 11.0

Table 15.
Dry matter percentage reported by dg precision

FEEDING system.     

Sept. 21 Sept. 22 Sept. 23

DM, % reported by Dgfed

0630 Feeding
Alfalfa silage 34.6 43.0 40.0
High moisture corn 61.9 66.0 36.5
Corn silage 30.1 31.6 27.0

1130 Feeding
Alfalfa silage 42.3 47.4 40.0
High moisture corn 68.0 67.7 58.2
Corn silage 32.4 30.8 30.5

Table 16.
Amount of wet ingredients (alfalfa silage, high

moisture corn, and corn silage) fed during a three day
period with a cumulative precipitation of 15.6 cm. 

Sept. 21 Sept. 22 Sept. 23
Control Dgfed Control Dgfed Control Dgfed

Kg DM/cow/d

Alfalfa silage
Feeding 1 2.0 2.1 2.4 2.2 3.5 3.2
Feeding 2 2.3 2.2 2.6 2.2 3.4 3.2
Total 4.3 4.3 5.0 4.4 6.8 6.4

High moisture corn
Feeding 1 2.6 2.7 2.6 2.6 1.7 1.5
Feeding 2 2.7 2.6 2.7 2.6 2.7 3.2
Total 5.4 5.3 5.3 5.2 4.4 4.7

Corn silage
Feeding 1 5.5 5.6 5.5 5.6 4.6 4.9
Feeding 2 5.5 5.6 5.3 5.6 5.1 5.2
Total 11.0 11.3 10.8 11.2 9.7 10.1

Grand Total 20.7 20.9 21.1 20.8 20.9 21.2

Table 17.
Body condition and fecal score.

Treatmenta P-Value
Treatment*

Variable Control Dgfed    SEM Treatment Week Week

BCS 2.8 2.8 0.03 0.51 0.01 0.64
Manure Score 2.7 2.7 0.07 0.87 0.16 0.94
aControl: All individual ingredients were sampled weekly, dried in
a 100°C oven for 12 hours and ingredient dry matter (and final diet
dry matter) were adjusted weekly.
Dgfed: The NIR system scanned individual ingredients (corn
silage, alfalfa silage, and high moisture corn) and adjusted
ingredient dry matter at each feeding.  All other ingredient dry
matter was adjusted weekly as described for the control group.
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Figure 1.
DG Precision feeding scanner mounted in the bucket
of a payloader.  The bucket measured 112 cm Deep,

272 cm wide, and 141 cm tall.    

Figure  2.
Milk yield during and after the primary rain event.

September 21, 22, 23rd rain events 1.4, 3.2, and 11.0 cm. 
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Can your clients meet the 400,000 SCC Challenge?
What bulk tank somatic cell count (BTSCC) average
do they really need to maintain and NEVER go over
the global 400,000 SCC requirement?   The most
important factors are herd size, season, your present
BTSCC average and milk pickup-to-pickup variation.    

We know that a single high SCC cow in a small herd
will have a much greater impact on the BTSCC than
that same cow in a larger herd just because of the
dilution effect.  This means that small herd owners
will need to be extra vigilant in identifying their high
SCC cows and then take some action (like quarter
milking) to keep that high SCC milk out of the bulk
tank.  On the other hand, large herds may require
more overall effort (more cows to keep low) to
accomplish the same goal. 

The season of the year has a tremendous effect on the
degree of teat exposure to environmental mastitis
pathogens.  It is much harder during summer to keep
BTSCCs low.  In addition, cows under heat stress will
often have compromised immune systems and are
thus more vulnerable to getting mastitis infections.  

A few years ago the University of Minnesota did a
study of BTSCC tests on 1500 upper Midwest dairies.
The questions asked were: what were the BTSCC
monthly averages, and what were the milk pickup-to-
pickup variations for those herds that never had a
BTSCC over 400,000 in the 2-year period of the
study?  The answers to these questions were quite
informative and especially useful as we consider the
current 400,000 SCC requirement.

The study showed that herds that NEVER had a
single milk pickup greater than 400,000 during the
two years had an annual BTSCC average of 171,000
and a pickup-to-pickup variation of 29,000.  During
the summer months these same herds average
194,000 BTSCC with a 33,000 pickup-to-pickup
variation.   Some of you may wonder, does that mean
in order for a herd to keep their BTSCC under 400,000
they will need to maintain a BTSCC average of at
least 200,000 or less?  Although I recommend it as a
goal for every herd, it will not be necessary to keep it
under 200,000 to meet the 400,000 requirement.
However, the challenge of staying under 400,000 gets
harder as either the BTSCC average or the milk
pickup to pickup BTSCC variation increases.
Consider the table below to better understand what I

mean.  The table gives what the percent probability is
that a herd BTSCC will be over 400,000 during the
next month based on the current BTSCC average and
pickup to pickup variation.  

To check out your client’s situation do the following:

1. Average the farm’s last 20 or month’s milk pickup
BTSCC tests.

2. Calculate the average milk pickup-to-pickup
BTSCC variation and divide this number by the
factor 1.13.  This gives you the average milk
pickup-to-pickup sigma value (a measure of
BTSCC variation).

3. Find the column in the table below that matches
the farm’s average BTSCC and the row that
matches the current BTSCC variation (sigma).

4. Where those rows and columns cross is the
percent probability that this farm will have a
BTSCC greater than 400,000 during the next
month.

Table 1.
Percent Probability of Having a BTSCC Greater Than

400,000 During the Next 30 Days
(Based on current herd BTSCC average and milk

pickup to pickup variation)

BTSCC                   RANGE BTSCC AVERAGE (X 1000)
VARIATION
Between 100- 150- 200- 250- 300- 350-
Milk 149 199 249 299 349 400
Pickups
(Sigma)
10 – 20,000 4% 6% 7%
20 – 30,000 5% 9% 14% 31% 51% 81%
30 – 45,000 7% 13% 23% 45% 68% >90%
45 – 60,000 17% 21% 33% 55% 73% >90%
60 – 75,000 23% 40% 56% 75% >90%
75–100,000 33% 44% 57% 80% >90%
100-125,000 62% 77% >90%
125-150,000 81% >90%

The table shows that if you have a low BTSCC and
low BTSCC variation there is very little chance that
they will have a BTSCC during the next month over
400,000.  But if the herd even has a fairly respectable
BTSCC, like 250,000, but also a high BTSCC variation
(i.e. 50,000) the chances of having a BTSCC greater
than 400,000 will be 55%.  If the present BTSCC is
greater than 300,000 and there is also a high BTSCC
variation (i.e 75,000), the chances of having at least
one BTSCC greater than 400,000 is almost certain.  

Beyond the EU SCC Standards
Dr. Jeff Reneau

Dept. of Animal Science
University of Minnesota
renea001@umn.edu



What can we learn from these calculations?  First,
being consistent in applying all the milk quality best
management practice is very important.  Second, if a
farm’s average BTSCC is greater than 250,000 they
need to take a hard look at how to improve
implementation of overall milk quality best
management practices as well as how to improve
consistency.

A BTSCC excel spreadsheet is available on our dairy
extension website that will automatically benchmark
your average BTSCC and BTSCC variation as well as
calculate the probability of your BTSCC
being greater than 400,000.   Go to
www1.extension.umn.edu/dairy, click “Milk Quality
and Mastitis” in the upper right corner box, select
“Quality Count$ Program” and then listed under
spreadsheets select “Monitoring BTSCC”, and then
input your last 20 BTSCC tests to get your own herd’s
results.

Low SCC is a win-win
Let’s go beyond the EU 400,000 SCC market access
requirement.  Achieving a low SCC is a win for
everyone; the cow, for you, the processor, the retailer
and the consumer.

• Low SCC cows are healthier. Cow well being has
always been important to dairy farms but now is
becoming more important to consumers. Recent
negative stories in the media about animal abuse
have raised their concern about animal agriculture.
They want to feel assured that the dairy products
they consume are safe, wholesome and come from
cows that are healthy and well cared for.  The
National FARM has been developed so that
producers can certify to consumers by
independent third party audits that their herd
management meets acceptable animal well-being
standards.

• Low SCC milk improves product quality and shelf life.
For some time now it has been known that the
presence of high levels of SCC and/or bacteria in
raw milk even under refrigerated conditions will
result in the breakdown of milk fat and protein
during storage causing undesirable taste and
texture changes.  Further it has been demonstrated
that pasteurized high SCC milk has a shorter shelf
life than low SCC milk. 

• Premiums for low SCC milk are significant. Not only
does high SCC reduce pasteurized milk shelf life it
also reduces cheese yield.  For many years in the
upper Midwest where milk is used predominantly
for cheese production, processors have paid farms
quality premiums for low SCC milk. In addition,
milk price deductions have been imposed for high

SCC milk all to encourage production of low SCC
milk in order to improve cheese quality and yield.
The difference between the “mail-box” price
between high SCC and low SCC milk can be $0.50
- $1.00/cwt on upper Midwest dairies.

• Low SCC management results in herd production
gains. In a recent study (2011) of 62,582 monthly
herd DHIA records over the past 3 years on
Minnesota dairies we have found that herds
achieving low SCCs produce approximately 2052
lbs/lactation more RHA milk for each 1 unit
reduction in linear somatic cell score. While lower
SCC can only directly account for 13% of the
production change, we speculate that those same
detail oriented milk quality/mastitis management
attitudes also carry over into other areas of farm
management.  Low SCC herds are frequently
excellent in herd reproductive and nutrition
management also.

• Low SCC boosts individual cow production efficiency.
For over 30 years we have known that subclinical
mammary gland infection as measured by
individual cow linear somatic cell score is
correlated to milk production losses.  In fact, the
greatest mastitis losses are due to milk losses
incurred as a result of sub-clinical mastitis.  Milk
loss begins at 100,000 SCC (LnSCS 3.0).  Recent
USDA studies (2004) indicates that each one unit
increase in LnSCS will on average result in a
decrease of 433lbs/lactation milk loss in 1st
lactation cows and a 612lbs/lactation in older
cows.  

Beginning the SCC lowering conversation
Having a farm take the Milk Quality Self Assessment
Test is a good means of screening whether the farm is
doing the right things.  The BTSCC mean and
variation previously discussed is a good way to
determine whether the SCC issue is a matter of faulty
application of best management practices (not doing
the right things correctly) or a failure to consistently
apply these practices or both.  Now you are ready to
have a milk quality goal setting discussion and roll
up your sleeves and get to work.

Steps to lowering herd SCC
Lowering herd SCC and/or solving a herd mastitis
problem will require a systematic approach and
WILL require the use of good herd records including
monthly individual cow SCC testing, bulk tank and
individual cow culturing and excellent on-farm
observations.  See work sheet QCW-1 SCC General
Assessment from the U of MN Dairy Extension
website (www1.extension.umn.edu/dairy) from the
Quality Count$ Program materials for more detailed
dairy diagnostic help.
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1. Define the problem.
Use of BTSCC test results and DHIA and/or on-
farm herd records to identify SCC and clinical
mastitis trends is an excellent place to start.  Herds
without monthly individual cow SCC testing or
poorly kept clinical mastitis treatment records will
be handicapped in solving mastitis and SCC
problems. The key variables to access are:
• BTSCC mean & variation
• % Positive cows (> 200,000 SCC) – The goal is

less 20%.
• % New Infections - defined as cows at first test

day > 200,000 SCC or when cows were
<200,000 on the previous monthly test day but
are now > 200,000 SCC on the next monthly
test day.  The desirable goal is to keep new
infections to less that 7%.

• Assess when infections occur and in what
lactation groups, for example what is the % of
first lactation cows calving with SCC > 200,000
or with clinical mastitis cases? Likewise what %
of older cows are calving with sub-clinical
(>200,000 SCC) or clinical infections? Do
infections accumulate as cows proceed through
their lactations?  How effective are dry cow
treatments?

• % chronic cases - defined as cows with SCC >
200,000 for two or more consecutive months.
The recommended goal is < 10%.

• Who are the cows with high SCCs?  Listing
these cows by contribution to the bulk tank
SCC will be also useful in establishing a SCC
reduction plan.

• Observe and record cow hygiene, teat
condition, cow handling, milking routine and
milking machine use and performance.

SCC SCC % % % RHA RHA RHA
categoryAvg. infected new chronic milk protein fat
x 1000 x 1000 >200,000 infection infections lbs. lbs. lbs.

rate

<200 157 16.4 8.1 8.3 23,186 706 865
200 – 299 251 24.7 10.5 14.2 22,275 681 831
300 – 399 350 32.9 12.5 20.4 20,610 636 780
>400 513 43.4 14.2 29.3 18,906 589 728

Table 2.
DHI SCC Benchmarks for Minnesota DHI herds

(n = 1812 herds, 66,296 monthly DHA
records during 2007 – 2010).

2. Identify the organism.
It is important to know what mastitis pathogens
are causing the herd’s mastitis and/or SCC
problem.  Determining whether the herd problem
is being caused by contagious or environmental (or
both) pathogens will be critical in devising an
effective plan of action. Bulk tank, individual cow
and bedding cultures will be needed to identify
the likely causes of infections.  (See figure 1)

3. Generate possible solutions.
Working with the information you have gathered
in Steps 1 and 2, generate the possible causes and
consider the possible solutions. Do not limit your
thought process by jumping to conclusions too
soon. Utilizing a cause and effect diagram (see
QCF-4 fact sheet on U if MN Dairy Extension
website list above in the Quality Count$ Program
materials) in your discussion and thought process
may help your diagnostic team visualize cause and
effect relationships and illuminate root causes of
the herd mastitis and SCC problem.

4. Develop an action plan.
Determine what practical options will solve the
herd mastitis and SCC problem. Select the best
option based on economic return and probability
of success. It is very important to determine WHO
will implement the plan and WHEN the plan will
begin.

5. Develop a plan to monitor progress.
One of the most important components of any
plan is to set up monitors to measure success.  The
use of multiple monitors is often the best since no
monitor is perfect.  The possible monitors include:
• Bulk tank SCC graph for each pick up
• New infections on DHIA reports
• Regular bulk tank cultures
• Individual cow DHI SCC
• California Mastitis Test (CMT) on all fresh cows
• Etc.

6. Adjust plan as needed
Review successes and adjust the plan to make
continuous progress toward your goal.  It is
important to continue with monitoring and
training.

7. Celebrate accomplishments
Every farm can meet the 400,000 SCC challenge.  It
is a simple matter of consistent application of well
known best management practices for achieving
milk quality. I feel we should set our goals higher.
A 200,000 or less herd average SCC is within
practical reach of every dairy that will try hard
enough and is in the best interest of the cow, the
dairy and the industry.

What  characterizes low SCC farms?
Last year the Minnesota Extension Dairy Team held
15 milk quality field days on Minnesota farms with
records of outstanding milk quality.  We had the
opportunity to learn a lot from the producers as they
described how they have achieved such consistently
good results.  In reflecting on the comments we heard
at each farm, observing the management practices
firsthand and studying their DHI records, several
familiar themes prevail.
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• Good communications & teamwork really matter.
These farms set a high priority on working
together to achieve their farm goals.  Everyone
seemed to be on the same page, knew how to get
the job done right and seemed to be having fun.

• Their attitudes were in sync on paying attention
to details. 

• Cow comfort & hygiene are emphasized. Their cows’
hygiene scores were 0.5-1.0 units cleaner than
average Minnesota dairies.  One farm not only
routinely removed udder hair but also clipped rear
legs in an effort to keep lower legs and udders
cleaner.   

• Use more intense bedding management. The
importance of using dry bedding and more of it
was often mentioned to improve cow cleanliness
and cow comfort.  Manure is removed from stalls
at each milking and bedding is changed frequently
…usually daily for organic beddings like sawdust
or straw.  While sand bedded roomy free stalls
were viewed as the optimum, many were
effectively managing the use of sawdust and straw
bedded mattresses.  

• Milking routines are well defined and consistently
followed. Each farm had a specified milking
procedure that everyone followed consistently. 

• Milking equipment was meticulously maintained on a
regular basis. These farms have close working
relationships with dairy supply and milking
equipment service providers to assure that milking
equipment is routinely checked and always in
good working order.

• Dry period teat sealers are utilized. Most farms used
a teat sealer along with dry cow antibiotic
treatment.  Their DHI SCC records showed
reductions in % cows calving with SCC greater
than 200,000. The most frequent improvement
needed on these farms was to reduce % positives
on first test, indicating transition cow management
is still a challenge that needs attention on even
high milk quality farms.

• All herds had a few individual cows that contribute
significantly to their herd DHI SCC.  This is generally
true on every farm unless those high quarters are
identified and the affected milk diverted from the
bulk tank.  This emphasizes the need for monthly
individual cow SCC testing.

• As expected, all had superb mastitis/milk quality
records.  The below table shows key averages of the
14 field day host farms as compared to all
Minnesota DHI dairies.

MNDHI SCC 2010 Milk Quality State Avg.

variable Field Day Dairies MNDHI

(averages) Dairies

Herd DHISCC 121,000 293,000
New infection rate 7% 13%
% chronic infections 6% 20%
% cow > 200,000 13% 25%
% > 200,000 on 1st test day 16% 35%

Higher than average milk production and pregnancy rates.
Generally the host farms had higher than MNDHIA
average milk production (23,000 lbs) with a range
from 18,300 (Jersey herd) to 29,000. Their herd
pregnancy rates were also higher (average 20%) with
one herd at 28% without the aid of any estrous
synchronization program.  Although it has been
known for a long time that lower SCC cows are more
productive, it is only recently that higher pregnancy
rates have been shown to be physiologically
associated with low SCCs.  A detailed 2007 survey
conducted among the top 100 MNDHIA milk quality
herds drew similar conclusions. Achieving low SCCs
is not rocket science but it does require consistent
application of well known practices.   

A 2007 United Kingdom case-control study by Martin
Green and his associates’ serves to demonstrate the
point that there is not a lack of information….but
rather a lack of consistent application of what we
already know.  In this study, two groups of dairy
farms with higher than average SCCs and clinical
mastitis cases were carefully evaluated.  Similar
dairies were paired with one group designated as a
control group. Very specific recommendations to
remedy the high SCC and clinical mastitis problems
were given to each of the other dairies. The results
(see figure 2) showed that herds implementing
greater than 66% of the recommendations made
much more progress than either the control herds
(where no recommendations were made) or those
implementing fewer recommendations.   



Figure 2.
Percent reduction in clinical mastitis and Herd SCC
based on level of compliance/implementation of
recommendations in UK Case-Control Study.

My experience has been that most dairies are already
doing many of the “right” things to achieve low
mastitis levels and quality milk, but are not getting
them done consistently.
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Figure 1.
Flow diagram for developing an action plan using bulk tank culture results
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Introduction
Arguably, the biggest challenge facing dairy
producers today is milk price volatility.  This
volatility is not new to the dairy industry.  In the
early 1900s, volatility was a motivation to dairy
producers and their cooperatives and finally, to
congress to put into place policy which would help to
moderate price swings of as much as 150% from the
flush in the Spring to the short season in the Fall.
Programs like the Dairy Price Support Program
(DPSP) were explicitly created to take product off of
the market during periods of excess production and
to sell it back to the market when there was a
shortage.  Federal Milk Marketing Orders also
explicitly state a goal of reducing milk price volatility
although the tools at their command are not as well
suited to the task as the DPSP.

During the 1980s at the urging of dairy farmers and
their organizations, the DSPS began to be used to
enhance milk prices, not just to stabilize them.  This
practice became expensive as the government spent
more than $2 billion and bought more dairy products
than all of Canada produced in 1984.  Ultimately, the
only solution to the excess government expenditures
and chronic over-production was to reduce the DPSP
safety net.  Today, the safety net is so low that the
government seldom buys product and price volatility 
has returned.

Volatility predominates in supply chains for many
commodities—from aircraft to zinc—and agricultural
commodities are no exception (Sterman, 2000).  A
standard explanation for this variability in
agriculture—usually measured by the degree of
variation in farm-level prices—is that both supply
and demand are inelastic, that is, changes in the
amount produced or consumed are relatively
insensitive to prices, at least over a short time
horizon.  Variation in prices and profitability also can
be viewed more specifically from a supply chain
perspective.  Supply chains typically involve
substantial time delays, so they are prone to
oscillation.  Sterman (2000) notes that “production in
inventories chronically overshoot and undershoot the
appropriate levels” in many industries, and it is
common to observe what is called “amplification.”
The size (amplitude) of price oscillations tends to
increase as one moves along the supply chain (that is,
from consumer to farmer, in the case of agriculture)

so that price and income variation is larger for
primary suppliers (farmers) than for consumers.

Prices and other key indicators in the dairy industry
have strong cyclical components (Nicholson,
Stephenson and Novakovic, 2009).  Why is such
cyclical variation so prevalent for dairy and other
commodities?  Sterman (2000) argues that one source
of the problem is a lack of information about the
aggregated effects of individual businesses’ (farms’)
impact.  The individual company tends to view itself
as small relative to the market and thus treats the
market as beyond its control.  Thus, firms (farms)
tend to continue to invest and expand when profits
are high, without regard for the production
(expansion) decisions of others.  When most
businesses respond in this way to current
profitability, “the result is overshoot and instability.”
Sterman also notes that a common explanation for
commodity cycles is that demand is cyclical.  He
argues, however, that the evidence for this
explanation is limited:  commodity markets fluctuate
far more than the economy as a whole (and therefore
more than demand changes) and the cycles in
commodities are not “entrained” (in line with the
timing) to business cycle movements.  This suggests
that many commodity cycles are endogenous, that is,
generated by the aggregated decisions of the
companies in the supply chain.  Nor are exogenous
shocks typically a good explanation for observed
variability in prices, in part because the cyclical
patterns are often quite regular—in a way that
(random) shocks would not be.

The existence of persistent and pervasive costs of
instability in commodity supply chains does not in
and of itself suggest that government intervention to
address the problem is appropriate.  (In fact, such
intervention is limited in most supply chains outside
of agriculture.)  There are a number of issues to be
assessed to determine the desirability of government
intervention.  One such issue is whether private
(individual firm) solutions could be developed and
implemented at lower cost or greater effectiveness
than government interventions.  Examples of such
interventions might be additional information about
key (aggregated) supply chain decisions, forward
contracts or risk management tools such as hedging
with futures or options contracts.  Information about
supply chain developments is relatively well-
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developed in the dairy industry and risk
management tools (also including the recent
Livestock Gross Margin Insurance) have seen limited
use by dairy producers.  Perhaps new forms of
information or additional incentives for private risk
management could reduce volatility, particularly if
some participation threshold is reached.

Volatility and Price Cycles in the U.S. Dairy
Industry
Visual assessment of the U.S. All-Milk price from
1988 to 2009 shows an apparently random price with
movements of $10 per hundredweight over a short
period of months (Figure 1).    

Figure 1.
U.S. All-Milk Price, 1988-2010

Although the price movements appear to be random,
a combination of cycles explains much of the
variation.  Using time series statistical techniques2 to
decompose the price series, 4 cycles explain most of
the observed price movements (Figure 2).  A short
cycle, 9 months in length, is statistically significant.
Although the underlying causes of these cycles
require further research, a 9-month cycle in the dairy
industry may be related to the gestation of a calf.  A
second cycle is seasonal, or 12 months in length.  This
cycle has been with the dairy industry for at least a
century and has a very similar impact (about ±40
cents per cwt.) over a long period of decades.  There
also is an intermediate length cycle of about 26
months in length.  The fourth cycle is of a longer
period, 36 months.  This 36-month cycle has become
the largest component of cyclical variation in the All-
Milk price.  

Figure 2.
Decomposition of All-Milk Price Cycles, 1988-2010

The 36-month cycle appears consistent with the
length of time required for a dairy producer to
expand milk production by the decision to not cull a
cow, raise her calf, breed the heifer and get that
progeny into the milking herd.  These cycles explain
much of the variability that we observe in milk prices
and suggest that much is “endemic” to the dairy
industry.  That is, this variability is complex but, to a
certain extent, predictable.  

However, there are also contributors to variability
that are not predictable, which an economist would
call “shocks”.  An economic shock is an unanticipated
event that temporarily increases or decreases the
supply or demand for goods or services.  The dairy
industry has seen a few substantial shocks in recent
years.  In response to high fuel prices, incentives
created to produce more renewable fuels—ethanol
from corn and biodiesel from soybeans.  This new
demand for corn and soybeans is one cause of higher
prices for the grains and other crops, such as alfalfa,
because demand increased for land to grow biofuel
crops.  This resulted in an increase in the cost of feed
(Figure 3).  This shows the National Agricultural
Statistics Service value of 100 pounds of dairy ration.
This value had been fairly stable around $5 for many
years but doubled over a short period of time before
settling to a new plateau around $7.  This was a
significant supply shock for the dairy industry and
we are facing another such shock today.
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Figure 3.
NASS Dairy Ration Value, 2000-2010

In 2007 several global events combined to
dramatically increased exports of dairy products
from the U.S.  Common Agricultural Policy reforms
in the European Union reduced their dairy export
subsidies, making less product available for world
trade.  A simultaneous drought in Oceania reduced
production of dairy products from two principal
world suppliers.  China was experiencing dramatic
growth in GDP and increased demand for animal
products.  Finally, the U.S. dollar weakened relative
to other major currencies, which increased incentives
for U.S. exports.  During this period, the U.S.
exported between 10 and 12% of milk solids,
compared to a historical average of 3 to 4% (Figure 4).
The combined effect of these events was a global
demand shock that overlapped with the U.S. supply
shock. These demand and supply shocks resulted in
historically high U.S. milk prices in 2008.  However,
global demand fell later in 2008 as the world entered
into economic recession.  The value of exports fell
markedly, as did U.S. milk prices. (Figure 4).  Exports
and milk prices have rebounded from the lows in
2009.

Figure 4.
Value of Dairy Exports, 2000-2010

Methods and Data3
Given the nature of the volatility in supply chains
and its hypothesized causes, an analytical approach is
required that is capable of replicating the types of
behaviors observed in the industry under normal
conditions and under large shocks.  In particular, the
model must be capable of producing variation in
prices and other variables on a relevant time scale (in
this case monthly) with an amplitude similar to that
observed in the past.  We have chosen to build a
mathematical model for our analyses based on the
commodity supply chain model described in Sterman
(2000).  

This commodity model has been developed and
adapted to the U.S. dairy industry over a number of
years, and many model details are provided in
Nicholson and Fiddaman (2003), Pagel (2005),
Nicholson and Stephenson (2007), Stephenson and
Nicholson (2007), Nicholson and Kaiser (2008) and
Nicholson and Stephenson (2009).  The model
employed under this project was adapted from
previous modeling work, and relevant model
elements were combined mathematically to allow
analysis of major proposed programs.  In addition,
programmatic elements not analyzed in our previous
work were incorporated as required to achieve the
research objectives, and data were updated to
represent the most recent calendar year available at
the time (2009).  The model calculates monthly
outcomes from 2010 to the end of 2018 to simulate
the likely time horizon of the next Farm Bill.  The
Milk Supply components of the model are based on
four farm size categories (1-99, 100-499, 500-1999 and
>2000 cows).  For each farm size category, the total
number of farms is modeled, as is the average
financial situation (both elements of the income
statement and the balance sheet) for each farm
category.  Milk per cow is assumed to grow at a
potential rate of 2% per year, but can be adjusted in
the short run in response to the milk-feed price ratio.
The number of cows for each farm size category is
treated as a productive asset, and modeled using an
“anchoring and adjustment” approach.  This
anchoring and adjustment mechanism assumes that
desired cow numbers for each farm size category
respond to the profitability (measured in terms of Net
Farm Operating Income, NFOI) relative to a
benchmark but are based on current cow numbers.
When the desired number of cows changes, the
voluntary culling rate is adjusted.  Changes in the
culling rate in response to profitability changes are
asymmetric:  producers are assumed to respond more
fully when lower culling rates (to increase cow
numbers) than to increase culling rates (to decrease
cow numbers).  The model includes a representation
of increased use of sexed semen in the U.S. dairy
herd during the period modeled.
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Figure 5.
Milk Production by Herd Size, 2000-2009

As noted above, herd size categories have been
modified for this revision of the model.  The National
Agricultural Statistics Service reports milk production
by the herd size categories employed (Figure 5).  It is
apparent that the major segment of growth in U.S.
milk supply is coming from dairy herds who are
moving into a larger herd size category and the 740
herds in the largest herd size category (2000+ Head in
year 2009) now account for more than 31 percent of
the total milk supply.  The cost structure of farms in
the different herd size categories is quite different as
is the responsiveness to price signals.  We reduced
the eight herd size categories into four representing
roughly equal amounts of milk production.

The All-Milk Price is calculated using the federal milk
marketing order blend price and over-order
premiums paid for Class I, II and III milk.  Over-
order premiums change as market conditions change.
The All-milk price is a main input into both the milk-
feed price ratio used to adjust milk per cow and
NFOI, which influences cow numbers.  It therefore
has a large role in determining model outcomes.

Foundation for the Future
In recent years several programs have been conceived
by producer groups to moderate milk price volatility.
Milk Producers Council of California has proposed a
program in 2006 and a modification of that program
again in 2009.  Dairy Farmers Working Together also
proposed a program in 2006.  The Holstein
Association, Dairy Farmers of America and AgriMark
independently worked on program frameworks in
2009.  In 2010, the National Milk Producers
Federation proposed their Foundation for the Future
(FFTF) program and most of the dairy industry who
are interested in policy intervention in dairy markets
to moderate price volatility have endorsed the FFTF.
We have conducted analyses on several of these
programs but I am reporting only on the FFTF4 here.

The Foundation for the Future is a program with
three parts: a new safety net based on margin
insurance, dairy market stabilization program, and a
reform of the federal milk marketing order system.
At this time, the federal order reform portion is still
under discussion but the major change proposed is in
the method of price discovery.  All cheese plants
purchasing more than 250,000 pounds of milk per
day that have less than 50% cooperative ownership
and that are not regulated under a state marketing
order, would be deregulated but surveyed to see
what they paid to get milk into their plant.  This
competitive pay price would replace the current
product price formula for class III.  Other reforms
have been proposed but are not modeled or reported
here.

Margin Protection
Another part of the FFTF is the Dairy Producer
Margin Protection Program (DPMPP).  This would
replace the current Dairy Product Price Support
Program (DPPSP) and the current Milk Income Loss
Contracts (MILC).  The DPMPP would monitor the
difference between the national All Milk Price and
the value of a dairy ration calculated to support
milking cows, dry and hospital cows and the
complement of replacement heifers on a per
hundredweight of milk basis.  The ration is
comprised of alfalfa hay, corn silage, corn and
soybean meal.  The calculated value of this margin
from January 2000 to the present is presented in the
chart below (Figure 6).

A base level coverage is provided at no cost to dairy
producers at a $4 margin.  Should the margin fall
below that level, all covered milk would be paid the
difference up to the $4 margin.  Producers can also
sign up for supplemental coverage up to an $8
margin protection by paying a decreasingly
subsidized premium.  Table 1 shows the proposed
premium levels associated with various levels of
margin protection.

Not all of a producer’s milk can be protected.  At the
time the policy would be enacted, a producer would
select the highest annual production during the
previous three years to become the historic base for
the farm.  Ninety percent of this base level of
production can be protected under the DPMPP for
the duration of the bill’s life (presumably the seven
years of a farm bill).  This also means that any
growth in a farm’s milk production over that time
period would not be covered by this safety net.  New
entrants into milk production will establish a
production history by prorating milk production
during the first 6 months.  A production base can be
transferred by sale or lease of a milking facility or
move to a new location.
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Figure 6. 
for the Future Margin, 2000-2010

Over the past decade, this milk-feed margin has only
been below the $4.00 base level for eight months in
2009.  It was below a $6.00 margin 20% of the time
and below an $8.00 margin 64% of the time.  
Looking backward at historic price relationships is
interesting but not particularly instructive about
future time periods.  If the FFTF program had been
implemented over this decade, we would have
expected different outcomes in margin calculation
and producer profitability.

Table 1.
Foundation for the Future Margin Protection

Coverage Level Premium per Cwt
$4.50 $0.015
$5.00 $0.036
$5.50 $0.083
$6.00 $0.155
$6.50 $0.230
$7.00 $0.434
$7.50 $0.590
$8.00 $0.922

Market Stabilization
The same margin calculation is used to determine if a
trigger is met which would enact the Dairy Market
Stabilization Program (DMSP).  The DMSP is a
temporary, stand-by program that activates if the
margin falls below a trigger level.  Once the DMSP is
triggered, a temporary “base” is established for each
dairy facility.  That base is either: a rolling 3-month
average of the most recent milk marketing
immediately prior to DMSP implementation or, the
same month in the previous year.  A producer may
select the base method at the beginning of each
calendar year.

If the margin is greater than $5.00 but less than or
equal to $6.00 for two consecutive months, a

producer would be paid for either 98% of their DMSP
base or 94% of their milk marketings, whichever is
more.  If the margin is greater than $4.00 but less than
or equal to $5.00 for two consecutive months, a
producer would be paid for either 97% of their DMSP
base or 93% of their milk marketings, whichever is
more.  Or, if the trigger is less than or equal to $4.00
for a single month, a producer would be paid for either
96% of their DMSP base or 92% of their milk
marketings, whichever is more.  This penalty would
remain active until the margin is calculated to be
above $6.00 for two consecutive months at which
time the DMSP program ends and the temporary
base is extinguished.

When the DMSP is activated (a trigger margin is
met), an exception to implementation or the
termination of the program could occur if the U.S.
cheddar cheese or skim milk powder price is more
than 20 percent above the world price for that
commodity for two consecutive months.  This would
imply that there is a stronger domestic demand for
dairy products than the export opportunities at that
time.

Farms may continue to ship milk that is in penalty—
for example more than their 98% of base or 94% of
marketings in a $6.00 margin trigger.  Although the
farm would not receive any payment for that penalty
milk, the handler is required to pay a program board.
The program board is authorized to use the collected
monies to purchase purchase dairy products for food
giveaway though non-commercial channels or to
otherwise expand demand for dairy products.

Modeling Results
Modeling outcomes for the FFTF are examined
relative to Baseline scenarios that assume the
continuation of current programs (and their
scheduled modifications, such as under MILC)—and
no new programs to address price volatility.  The
Baseline represents what would have happened
without the program given certain assumptions
about the timing and magnitude of possible shocks to
the industry.  The ability of proposed programs to
reduce price variability relative to the Baseline
scenarios is a key indicator of program effectiveness.
It is important to note that these are not forecasts of
the future, but are experiments using the model that
allow us to examine the outcomes conditional on
assumptions about the timing and nature of shocks to
the industry.  

We report many outcome indicators because the
program analyzed is not inherently “effective” or
“ineffective” or “good” or “bad”.  As is often the case
in economic analyses, the programs perform
differently when different outcomes are considered.
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The overall judgment about the combined effects of a
program is most appropriately made by those
individuals and organizations directly affected by its
implementation.  Some programs perform better in
one measure—for example, in reducing variability—
but less well in others, perhaps government
expenditures.  

The program indicators reported here are run with no
shocks imposed over the 2010 through 2018 period.
This set of “No Shocks” scenarios gives an indication
as to how well the program handles the endemic
volatility in the dairy industry.  A more extensive
reporting which includes imposed shocks can be
found in the report referenced in footnote 3.

All-Milk Price. Given the model structure and the
assumptions used, the Baseline is projecting
continued milk price volatility with major peaks and
troughs occurring about every three years (Figure 7).
The high to low range in prices is about $4/cwt over
that time period.

Figure 7.
All Milk Price, No Shocks

Figure 8.
Average Absolute Deviation from Average

All Milk Price, No Shocks

The effects of the FFTF are visible shortly after
implementation.  It has a nearly immediate impact as
the $6 milk feed margin is triggered in January 2012
when the programs take effect.  There is a reduction
in the payments to producers for milk marketed
beyond their base production.  There are also some
monies collected that are used to begin purchases of
dairy products under food giveaway programs.  For
the period 2013-2018, the average All-Milk price
would be increased by $0.17/cwt under FFTF.

Variation in All-Milk Price.  The Average Absolute
Deviation measure (Figure 8) indicates differences
with and without the program in the second year
after implementation.  This measure calculates the
average deviation from 2013 to each point along the
progressing timeline.  FFTF shows a marked impact
on reducing milk price volatility over the Baseline in
the absence of major shocks. 

Farm-Level Financial Performance.  In order to simplify
reporting of farm-level financial performance under
the different programs, we use milk income less feed
costs for a farm in each of the four farm size
categories that maintains a stable herd size over the
life of the simulation.  The milk income measure
includes reductions due to marketing limitations
under FFTF and doesn’t include other sources of
income such as program payments or cull cows nor
the other costs of operation.  We report these as
annualized values (the monthly value times 12) to
account for the effect of seasonal production and
other factors.  This makes it easier to determine the
impact of milk and feed prices.  We provide graphical
results for a farm of 183 cows (our “medium” size
category) during the period 2010 to 2018 (Figure 9).
There is a modest upward trend in milk prices over
the time period (Figure 7), but the somewhat stronger
trend (Figure 9) is due to increasing milk per cow
over time and the dilution of maintenance feed costs.
Similar patterns, but very different levels, are
observed for farms in all size categories.  The FFTF
reduces the variation in milk income less feed costs in
a manner that mirrors reductions in milk price
variability, without a significant change in the
average value compared to the Baseline during the
simulated period.  The FFTF program would increase
milk income less feed costs for the medium-sized
farm by $5,490 annually.
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Figure 9.
Annualized Milk Income Less Feed Costs for

Medium-Sized Farm, No Shocks

Milk Marketed.  As expected, the FFTF yields abrupt
changes in milk marketings (Figure 10).  These
changes would require more significant adjustments
for some manufacturing plants when the program
triggers in (or out).  FFTF supplies 0.4% less total
milk to the market place than the Baseline.  The
program begins to trigger in and out which does
reduce the amplitude of the all milk price swings.
However, because the triggers are being hit fairly
often and the milk marketings are impacted, the
frequency of price swings is increased from about 36
months to occurring about twice as often. 

Figure 10.
U.S. Monthly Milk Marketings, No Shocks5

U.S. Dairy Product Trade.  Another outcome of
importance is the impact of the program on U.S.
dairy product trade.  We highlight the impacts on
American cheese, NDM and dry whey here (Figures
11, 12 and 13). These figures indicate  “net” exports
(exports minus imports) for each of these product
categories.  As can be seen, there are numerical
differences in exports among the programs but no

behavioral differences.  That is, our results suggest
that U.S. dairy product exports will increase in the
future under the Baseline and under FFTF. Average
net exports of cheese are 21.0% lower than the
Baseline under FFTF because presumed cheese
purchases for food giveaways increase the cheese
price somewhat and reduces export opportunities.
Average dry whey net exports would be reduced
4.1% under FFTF but average NDM net exports
would increase 5.6%.

Figure 11.
Net Cheese Exports, No Shocks

Figure 12.
Net Dry Whey Exports, No Shocks
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Figure 13.
Net Milk Powder Exports, No Shocks

Government Expenditures.  Another important criterion
for the evaluation of the programs is the effect on
government expenditures.  The Baseline keeps the
current Federal Order, MILC, Dairy Product Price
Support Program, Tariff Rate Quotas (TRQs) and
Dairy Export Incentive Program (DEIP) in place.  The
FFTF would eliminate the Dairy Product Price
Support Program and replace the MILC program
with the Dairy Producer Margin Protection Program
(DPMPP).  Cumulative government expenditures for
the Baseline and the new program differs markedly
(Figure 14).  Under our assumptions about producer
buy-up to higher levels of margin protection and
premium payments there are negative government
expenditures over the life of the program.6

Figure 14.
Cumulative Government Expenditures
from 2012 through 2018, No Shocks

Conclusions and Implications
Milk price volatility has clearly become a significant
problem for the dairy industry since the 1990s,
although the underlying causes of volatility continue
to be debated. Some observers have hypothesized
that without an active Dairy Product Price Support
Program dairy manufacturers will simply not hold
enough commercial stocks of product to buffer
supply and demand imbalances.  Others have
suggested that it is our emergence into world trade in
dairy products that has been a cause of the price
swings.  Still others have suggested that it is simply a
faulty price discovery mechanism in the Federal Milk
Marketing Order system.  But some dairy producers
have also suggested that volatility results from
rational responses to profitability incentives in the
absence of coordinated expansion decisions.  Recent
research has shown that there are complex cycles in
milk prices.  Over these last two decades, a 36-month
cycle has emerged and is becoming larger, and these
cycles are probably related to dairy producer
decisions.  This endogenous variability is consistent
with the experience for other commodities, as noted
in Sterman (2000).  As a result, a number of dairy
industry organizations have proposed programs with
supply management components to reduce this
volatility.

Our analyses of the Foundation for the Future
indicates that it would significantly reduce milk price
volatility and would reduce government
expenditures on dairy programs in the absence of
shocks, for a set of specific large shocks.  The FFTF
program would marginally enhance the average milk
price over the Baseline, primarily because it is
stimulating demand for dairy products through food
purchases for domestic assistance programs.  The
FFTF program reduces exports of cheese and whey
compared to the Baseline.  

The ultimate objective of this research is to help the
dairy industry better assess the tradeoffs associated
with policy options.  This analysis attempts to
account for a variety of potential unintended
consequences, but we have not assessed every
possibility.  Moreover, we do not directly address
implementation issues.  We assume for the purposes
of our analyses that the program can be implemented
by appropriate government agencies in a reasonably
effective manner.  Although we have no reason to
believe this would not be the case, it is worth noting
as an underlying assumption.  
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Footnotes
1Mark Stephenson is Director of Dairy Policy Analysis at

the University of Wisconsin-Madison.  The analyses
presented herein were conducted in collaboration with
Charles Nicholson, Associate Professor, Department of
Agribusiness, California Polytechnic State University,
San Luis Obispo, CA. 

2State-space methods (Durbin and Koopmans, 2001) are
used in this case.

3This paper provides a very abreviated overview of the
model.  For more detailed information, please see
http://dairy.wisc.edu

4This link contains more information about the Foundation
for the Future Program.
http://www.futurefordairy.com/

5Please note that the vertical scale of the graph does not
begin at 0.  This makes the differences easier to see but
may be visually misleading as to the actual impact of
changes in milk marketings.

6We assume that 60% of farmers would purchase
supplemental coverage on 45% of their milk.  We also
assumed a $0.14/cwt premium on milk for which the
margin was protected under the DPIPP.  These values
were chosen to be consistent with previous analyses
(FAPRI, 2010).
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In this talk I will be discussing the effects of different
dietary fatty acids on the secretion of milk fat.  Milk
fat secretion or yield (pounds per day) is my concern.
This is what is biologically and economically
relevant.  Milk fat concentration is a combination of
milk fat yield and milk volume yield.  I am not
considering an increase in milk volume with no
change in milk fat yield as milk fat depression; even
though milk fat concentration would be lower in this
case.

Milk fat yield as commonly measured on farms does
not account for the fact that milk fat is actually two
separate production streams.  Long chain milk fatty
acids, mostly having 18 carbon atoms per fatty acid
molecule, are derived from fat being absorbed from
the diet or from fat mobilized from body tissues.
Shorter chain fatty acids, from 14 down to 4 carbon
atoms long, make up the remainder of the milk fat.
These fatty acids are synthesized in the mammary
gland from absorbed acetate or from ketones
produced from mobilized body fat or from rumen
butyrate.  Palmitic acid in milk has 16 carbons.  It
actually can be a member of both streams; having
significant dietary origin depending on what dietary
fats are fed, but also being made by the mammary
gland.  Although I view these long and short fatty
acids as separate streams, fat molecules (called
triglycerides) actually have three fatty acids per
molecule.  Milk fat triglyceride molecules contain
both short and long chain fatty acids in the same
molecule.  Although current milk tests do not report
long and short chain milk fatty acids separately, the
mid-infra red analysis used in milk composition
analysis can distinguish, measure and report these
fatty acid streams separately.  This paper will discuss
how knowing yields of different fatty acids can be
useful when interpreting dietary effects on cows.
One major point of this paper is that there are times
when short chain fatty acid yield may be depressed
but long chain fatty acid yield may be increased.
This is the common reaction to feeding a higher oil
diet compared to a lower oil diet.  The result may be
that total milk fat yield as commonly measured may
not change much even though yields of these
individual streams are changing in a way that reflects
dietary changes.

In order to discuss these responses, I use a graph that
shows short chain fatty acid yield on the Y (north-
south) axis and long chain fatty acid yield on the X
(east-west) axis (slide 6).  I have elected to keep C16
(Palmitic acid) off these charts because it is part of
both the de novo, mammary synthesized, short chain
fatty acid group, and also the dietary absorbed, long
chain fatty acid group.  In these charts I am
calculating the milk fatty acid yield change between
feeding two different diets. This chart shows the
effect on both groups of fatty acids simultaneously.  If
you imagine a line cutting from the northwest corner
to the southeast corner, and passing though 0,0; any
yield difference northeast of this line represents more
total milk fat yield (assuming milk C16 yield did not
change).  Fat yield can increase because both long
and short chain fatty acid streams increase (the entire
northeast quadrant of the graph); because short chain
fatty acids increase more than long chain fatty acids
decrease (the north east triangular half of the north
west quadrant); or because C18 fatty acid yield
increases more than short chain fatty acid yields fall
(the northeast triangle of the south east quadrant).  A
dietary change that causes yield changes that move
along this dividing line (from the northwest to the
southeast or vice versa) represents hidden changes
not revealed by total milk fat measured.  Although
milk payment does not change with these changes,
knowing about them may be very useful in figuring
out what a dietary change is doing to the cows.

Different dietary fats and oils are also made up of
different fatty acids.  Unlike milk fatty acids these are
mostly long chain (C16 and C18) but vary in the
number of double bonds which determines how
unsaturated they are (more double bonds = more
unsaturated).  Nutritionists do consider the difference
between saturated and unsaturated fatty acids, but
do not necessarily distinguish among the different
unsaturated fatty acids.  Oils (liquid fats) have more
unsaturated fatty acids and are known to be more
‘rumen active’.  Rumen active fats are ones that
generate bioactive fatty acids such as trans-10, cis-12
linoleic acid and others.  These bioactive derivatives
of dietary fatty acids are present in trace amounts but
are very potent.   If only these bioactive fatty acids
are increased, they depress mammary gland
synthesis of short chain fatty acids; and uptake of
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long chain fatty acids from the blood.  So they
depress yields of both fat streams.  Increasing the diet
starch and/or reducing physically effective fiber
(without changing the fat content of the diet) works
this way.  In general when fat yield is depressed by
‘hot’ diets, both streams are depressed (slide 7).
However, when more fat is added to the diet, some
interesting things happen. More bioactive fatty acids
are formed and these inhibit de novo (short chain)
fatty acid secretion.  These bioactive fats should also
inhibit long chain fatty acid uptake by the udder as
well, but realize that most of the increased dietary fat
is not bioactive and a much larger stream of these
pre-formed long chain fatty acids is now entering the
cow from the diet.  This increased long chain fatty
acid supply apparently overwhelms any inhibition of
long chain fatty acid uptake by the mammary gland
that the bioactive fats may cause.  The result is a
general increase in milk long chain fatty acids
(including C16 if the dietary fat has much C16); but a
decrease in short chain fatty acids.  This effect of
adding fat to the diet is shown by slide 11. Almost all
of the comparisons show that changes in milk fat
yield falls in the south east quadrant (reduced C<16,
increased C18 yield) when adding dietary fat.  Note
some of these diets increased fat yield and some
decreased fat yield; but considering that they could
have been in any of the 4 quadrants; they are in fact
behaving quite similarly.

Finally we discuss feeding diets where the specific
fatty acids are considered.  Our results definitely
indicate that Oleic acid (a mono-unsaturated C18) is a
less potent creator of bioactive fats than is linoleic
acid.  This might be attributed to Linoleic acid being
more unsaturated, but our results show that Linolenic
acid (the most unsaturated of these three dietary fatty
acids) is probably no worse that Oleic.  Because fatty
acid composition is fairly predictable in feeds, we
suggest that these three specific fatty acids be tracked
in diets.   The physical form of oils, especially those
protected inside whole seeds has not been addressed
here. We used free oils in our experiments, although
we review other studies as well (slide 22).  No doubt
fats within whole seeds are less bioactive than the
same fat fed as a free oil.  We have avoided this area
at first because different seeds may have both
different ‘hardness’ or ‘oil accessibility’ as well as
different fatty acid composition.  But it is definitely
something that needs to be considered as well.

Slide 22 also does a nice job of testing your new
knowledge about fat streams.  In these studies the fat
content of the two diets is equal (both may be high).
So there is no difference in the amount of preformed
dietary fatty acid supply. Therefore, the lower
bioactive fatty acid impact of dietary oleic is
translated as an increase in both fatty acid streams
relative to dietary linoleic acid.  Realize that short
chain fatty acids may be reduced by oleic, but not as
much as they were reduced by linoleic, so this shows
as an increase in this comparison of 2 ‘high’ fat diets.
This response line is similar to the one comparing iso-
fat diets that differ in non-fiber carbohydrate and
physically effective NDF (slide 7) and not like the one
in slide 11 that compared milk fat stream yields on
high fat diets high – yield on low fat diets.

Innovations in plant genetics are providing variants
of oils that change the normal oleic to linoleic ratio.
For example; canola oil is higher in oleic than normal
soy oil, but high oleic soy varieties exist.  Corn oil
(present in distillers grains) is high in linoleic, but
higher oleic varieties of corn exist even if they are not
currently marketed.  Also, different forages vary in
their fatty acid content and even though the fat level
in these feeds is not high; they may form such a large
part of the diet as to be significant source of linoleic
acid.  The bioactive fat theory of milk fat depression
does not just apply to high fat diets so the basal fatty
acid composition of diets is probably important.
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INTRODUCTION
Mycotoxins have plagued the diet of humans and
domesticated livestock ever since man began
cultivating grains. Historians believe that the fungal
ergots in rye and other grains have caused
intermittent physical and mental health problems
within European populations since the Middle Ages
and even the hysteria of the Salem witch trials has
been attributed to ergot-related hallucinations and
seizures. In recent years, it sometimes feels like the
dairy feed business also experiences occasional
mycotoxin-related hysteria. Without a doubt, the
growing and harvest conditions of the last couple of
years have made mycotoxins an almost constant
threat in some areas of the Midwest; however, has the
mycotoxin problem really become as bad as
advertised? That is, has the baseline level of
mycotoxins in the feed supply really increased that
much over time or has this issue been somewhat
blown out of proportion by greater awareness and
more sensitive mycotoxin testing technology?

In fact, mycotoxins are a significant problem for the
modern dairy cow. However, the increased industry
awareness of mycotoxins has probably increased our
emphasis on cow health as much as it increased our
focus on mycotoxin prevention and treatment per se.
Mycotoxicosis and cow immune and digestive health
are intimately related and there is a chicken-and-egg
aspect to the nature of that relationship. Although
mycotoxins do depresses immunity and health, it can
also be argued that cows with compromised
immunity from other vectors are the ones that are the
most susceptible to mycotoxins. Whatever the true
relationship, is should be no surprise that herds with
erratic feed intake and a suspect feed supply often
suffer from the opportunistic diseases that plague
immune-suppressed cows. To be successful over the
long haul, it is critical that we convince our clients
that reducing stress and optimizing herd health are
equally as important as any direct mycotoxin
intervention strategy when mycotoxins are involved. 

There is absolutely nothing easy about detecting,
preventing, or managing a mycotoxin challenge.
Apparent mycotoxin challenges may come and go, be
misdiagnosed or be undetected, making identification
of the causative agent ambiguous. Often there is
limited flexibility in eliminating contaminated feed

sources.  In addition, there is usually a limited
number of discretionary dollars available for
additives and other interventions. With mycotoxin
issues, there are many ways to skin the proverbial
cat. Below are some overarching concepts that are
intended to be instructive or thought-provoking
relative to nutritional strategies for developing a
comprehensive but practical program for prevention
and amelioration of mycotoxin challenges.

Use the threat of mycotoxins to leverage a healthier
herd.
As nutritionists, high herd health should really be
our ultimate goal and we need our client’s help to
achieve that. Some producers are just naturally herd
health focused but others only get serious when
health threats are more tangible, such as with
mycotoxins. Whatever focus area pushes their button,
getting a program in place for preventative herd
health is money well spent. Feeding for high herd
health is cost-effective over the long haul and we
must continue to actively promote that. Organic trace
minerals and judicious fortification with vitamin E
and other immune-related micronutrients are low-
cost tools for optimizing immune health. Also,
consideration should be given to continuous or at
least targeted feeding of immunostimulant materials
(glucomannan/β-glucan sources, etc) that have good
track records in the field.

The rumen provides some natural defense against
mycotoxins – optimize it!
Poor rumen function may exacerbate a mycotoxin
challenge in two ways. First, the rumen has a major
role in at least partial detoxification of some
mycotoxins. For this function to be optimized, we
need a robust microbial population and reasonable
ruminal resident times for feed components with
smaller particle profiles. Secondly, poor rumen
function invariably compromises lower intestinal
health. The lower GI tract may be the most active
immune organ in the body and its roles in innate
immunity and as a barrier to pathogens are critical
for optimum immune health. Likely, the complex
etiology of hemorrhagic bowel is rooted in the
negative synergistic effects of a compromised GI tract
and mycotoxin presence. Anytime feed intake
becomes erratic and the herd appears to be possibly
tipping over on a mycotoxin challenge, all
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physiological criteria for a healthy rumen should be
examined closely and perhaps a greater safety factor
built into ration effective fiber levels in addition to
adding a product to counteract the mycotoxins.   

Become knowledgeable about mycotoxins.  
Anytime I hear a nutritionist say that they do not
have mycotoxin problems, I always feel compelled to
insert “that we know about” at the end of the
sentence. We can probably agree that mycotoxins are
always present but, day in and day out, are the levels
of individual mycotoxins or alleged “synergistic”
effects of multiple mycotoxins serious enough to
cause problems? In reality, the science-based
understanding of the actual toxicity of individual or
multiple mycotoxins in dairy cattle is less than that
for monogastric animals. From studies in
nonruminant species, however, science has provided
clues as to what we should be looking for. Today, the
truly useful knowledge of mycotoxin occurrence and
management is held, not only by scientists, but by
field nutritionists and veterinarians that are focused
on this area. In ruminant nutrition, great strides in
mycotoxin management have been made in the last
decade. The good news is that the new tools for
detecting and ameliorating mycotoxins are allowing
progress at a much faster pace than ever before.
Arguably, mycotoxins are a permanent problem.
Nutrition advisers that commit to developing
expertise in this area are far more likely to see long-
term success in lessening the impact of mycotoxins in
their client’s herds.

Take advantage of advanced multi-mycotoxin
detection methods.  
The reliability of feed sampling will always be the
greatest limitation to identifying the source(s) of
mycotoxins in the feed. The submitted sample
represents 85% of the error in mycotoxin detection;
subsampling the ground submitted sample accounts
for only 10%; and the analytical procedure error itself
accounts for a paltry 5%. The method and cost of
mycotoxin analyses can be serious obstacles to on-
farm characterization of a mycotoxin challenge. To
date, nutritionists have been restricted to requesting
analyses for individual mycotoxins or small panels of
three or four, usually trying to make educated
guesses at which toxins are causing the problem.
Lower cost and faster ELISA assays are only
qualitative in nature and can give erroneous results
due to interferences in some feed matrices.
Quantitative assays (TLC), while more diagnostic, are
a bit higher in cost.  

Recently, a few domestic and off-shore laboratories
have begun offering broad-spectrum, multi-
mycotoxin analyses at pricing that is beginning to
look attractive. These methods offer the opportunity
to actually profile the mycotoxin load, including
multiple mycotoxins within a class and masked
mycotoxins.   Almost all routine multi-mycotoxin
analyses in food analysis are based on LC-MS/MS
(liquid chromatography linked to double mass spec)
methodology and will probably replace HPLC as the
Gold Standard in the feed industry in the near future.
The cost of these analyses generally runs between
$250 and $500. Romer Laboratories
(http://www.romerlabs.com/en/) is one of the
commercial labs that can provide this service in the
U.S. Because these analyses are not inexpensive, they
are perhaps best used for global profiling of the
overall farm feed supply (e.g. testing the TMR) and
advanced trouble-shooting. In some ways, multi-
mycotoxin analysis can provide an overload of
information and we will often not understand the
total health implications of “lesser” toxins and
apparent cocktails of mycotoxins and metabolites.
The very positive upside, however, is that there is no
guesswork relative to the types or levels of toxins
involved and may explain the severity of a
mycotoxicosis when there are low levels of multiple
toxins.

Keep struggling with binders and other feed
interventions.
A “binder” is the sort of collective term that has come
to describe the vast array of clays, zeolites,
glucomannans, and other materials that are sold as
feed-borne interventions for mycotoxins. This
terminology will likely never fade as the majority of
products sold on the market today make some claim
(stated or implied) that the primary mode of action of
their product is to “bind” or “adsorb” mycotoxins,
theoretically rendering them inactive in the animal.
The scientific literature will clearly support that most
clays will bind aflatoxins to greater or lesser extents.
However, a claim for “binding” of any other
mycotoxin, with any material, is going to be subject
to a number of scientific caveats. For example,
scientific proof that the mycotoxin remains inactive
through the length of the digestive tract is almost
never provided. In addition, the critical issue of
product feeding rate is rarely dealt with in an
unambiguous manner.  Dubious product market
positioning aside, it is highly likely that most feed-
through mycotoxin interventions work at some level;
however, the true modes of action may be something
other than direct neutralization of mycotoxins. For
example, glucomannans may do little more than
boost the cow’s immune system, improving her
resistance to and recovery from mycotoxins. As
nutritionists, it is important that we look past the



91

market positioning of binder products and focus on
how these products actually perform in the field. The
difficulty of resolving mycotoxin challenges cannot
be overstated and the contribution of the binder per
se is often over-valued. As noted below, the expertise
provided by suppliers of mycotoxin interventions is
often more important than the interventions
themselves.  

Mine the knowledge and support of suppliers.
As our understanding of mycotoxins in livestock has
gradually increased, the quality of mycotoxin
products and the technical expertise of the suppliers
of these products have advanced dramatically. At
least among suppliers that are focused on mycotoxin
solutions, there is knowledge and manpower that
simply did not exist 10 years ago. Suppliers of
mycotoxin solutions are eager to grow their market
share and have many marketing tools at their
disposal to do so. Due diligence should always be
done on any product that is to be used to help assure
the health of the dairy herd. Suppliers can enlist the
support of outside specialists for trouble-shooting or
training and suppliers will sometimes cost-share or
defray analytical costs with key customers.  Again,
we should consider that mycotoxin management is
becoming more science than art. To make progress
over the long haul, we should focus less on product
claims and more on the expertise that a given
supplier offers.
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INTRODUCTION
Past research in dairy cattle nutrition has focused
almost exclusively on the nutrient aspects of the diet,
and has led to many discoveries and improvements
in dairy cattle health and production. Despite many
advances in the field of ruminant nutrition, however,
we are still faced with the challenge of ensuring
adequate dry matter intake (DMI) to maximize
production and prevent disease, particularly with
lactating dairy cows during the transition period.
Many of the cows experiencing decreased DMI the
pre-partum period fail to make a successful transition
to the post-partum diet. Approximately 50% of cows
have one or more adverse health events during
transition (Ferguson, 2001), so any practices that can
help reduce disease at this time are thus of broad
relevance to the dairy industry.

One of the interesting aspects of transition disease is
the individual variability of cow susceptibility.
Despite subjecting all animals to similar management
and diets, we still face a certain percentage of animals
succumbing to disease while others remain healthy.
An example of this would be the susceptibility of
dairy cows to sub-acute ruminal acidosis, which is
highest for cows in early lactation, but also highly
variable among cows, despite similar cow feeding
management (Penner et al., 2007). There is some data
to suggest that this may be in part due to high
between-cow variability in DMI, and thus nutrient
intake. Drackley (1999) reported that coefficients of
variation for DMI during the 1st wk postpartum are
in the range of 30 to 40%; whereas, the coefficients of
variation for DMI after peak lactation typically range
between 6 and 10%. Further, McGuffey et al. (1997)
reported that a 1% increase in the variation of DMI in
the first 21 DIM was associated with a 4% increase in
post-calving incidents (dystocia-related, metabolic, or
digestive disorders). 

There is growing evidence to suggest that much of
the variability in susceptibility to disease is related to
variability in nutrient consumption, both within- and
between-cows. Such variability may related to
whether or not cows have good access to the feed
provided to them and whether or not they eat the

feed as it is formulated for them. This paper will thus
review this literature, and also describe feed bunk
management strategies that encourage feed access,
reduce feed sorting, and thus reduce variation in
nutrient intake in dairy cattle. 

Do cows have the opportunity to maximize their
access to feed?
There is recent evidence to suggest that dairy cows
do not always maximize their opportunities to feed,
and this can be associated with the experience of
metabolic and infectious disease; these health issues
not only pose immediate welfare concerns to dairy
cattle, but can also affect efficiency and productivity.
The transition period is the stage at which dairy cows
are particularly vulnerable to metabolic and
infectious diseases. Researchers have shown that
cows diagnosed with acute metritis after calving
spent less time feeding during the prepartum period
(d –12 to –2 prior to calving; Urton et al., 2005). In a
follow-up study, Huzzey et al. (2007) monitored
individual feeding time using a larger sample size of
cows and also monitored individual DMI. Cows
diagnosed with severe metritis 7-9 d postpartum
consumed less feed and spent less time at the feed
bunk during the 2 wk period before calving, nearly 3
wk before the observation of clinical signs of
infection. In that study, the decreases in feed intake
contributed to decreased milk production; mildly and
severely metritic cows produced 5.7 and 8.3 kg less
milk per day compared to healthy cows during the
first 3 weeks after calving. In the work described by
Huzzey et al. (2007), feeding time was positively
related to DMI, especially for cows with severe
metritis. It follows, therefore, that management and
housing practices that allow for increased feed bunk
access will positively affect feeding time, and thus
improve DMI and possibly reduce disease.

Recent work showed similar findings with cows that
developed subclinical ketosis (SCK; Goldhawk et al.,
2009). Cows diagnosed with SCK during the week
after calving showed differences in feeding behavior
and DMI as early as 1 wk prior to calving. Not only
was DMI reduced pre partum, but SCK animals also
initiated fewer displacements at the feed bunk during
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the week before calving. This is similar to the
findings of Huzzey et al. (2007) where cows
diagnosed with metritis engaged in fewer aggressive
interactions at the feedbunk during peak feeding
periods, resulting in lower DMI at those time periods
and across the day. These results indicate that the risk
of transition cow diseases, such as metritis and SCK,
may be reduced by utilizing management and
housing practices that allow for increased feed bunk
access, particularly at times when they want to be
there.

Do cows eat their feed as it is formulated for them?
Total mixed rations (TMR) are designed as a
homogenous mixture with the goal to help minimize
the selective consumption of individual feed
components by dairy cattle, promote a steady-state
condition conducive to continuous rumen function
and ingesta flow, and ensure adequate intakes of fiber
(Coppock et al., 1981). It is not surprising, therefore,
that providing feed as a TMR standard on most
commercial dairies, particularly for the lactating
animals. Unfortunately, even when providing feed as
a TMR cows have been shown to preferentially select
(sort) for the grain component of a TMR and
discriminate against the longer forage components
(Leonardi and Armentano, 2003). Sorting of the diet
can lead to the cows consuming an inconsistent
ration, whereby the ration actually consumed by
cows is greater in fermentable carbohydrates than
intended and lesser in effective fiber, and thus can
increase the risk of SARA (DeVries et al., 2008). 
This behavior is particularly troublesome for early
lactation cows, where greater sorting of a higher
concentrate, lower fiber diet (DeVries et al., 2007;
2008), coupled with rapidly increasing DMI (Kertz et
al., 1991), will exacerbate the intake of highly
fermentable carbohydrates and refusal of physically
effective fiber, and thus increase the risk of ruminal
acidosis. This in turn may result in inconsistent feed
intake, poor feed efficiency, reduced feed digestibility
and protein synthesis, and increased incidence of
diseases. Alternatively, sorting of the TMR can reduce
the nutritive value of the TMR remaining in the feed
bunk, particularly in the later hours past the time of
feed delivery (DeVries et al., 2005; Hosseinkhani et
al., 2008). For group-fed cows, this may be
detrimental for those cows that do not have access to
feed, at the time when it is delivered, for example
when there is high competition at the feed bunk. In
such cases, these cows may not be able to maintain
adequate nutrient intake to maintain high levels of
milk production (Krause and Oetzel, 2006). Thus,
feeding management strategies are required to ensure
that cows consume the feed as it is formulated for
them.

HOW DO WE REDUCE VARIABILITY IN
NUTRIENT INTAKE?
It is clear that, in addition to proper formulating of
dairy rations, we need to also consider factors that
affect both if and how the ration is consumed to
ensure that all cows maximize their intake of that
formulated ration. There is an increasingly growing
body of literature in which the knowledge of cow
behavior can be used to identify bunk management
strategies to reduce variability in nutrient intake and
maximize ration potential; these strategies include
ensuring cows have access to their formulated ration
throughout the day and minimizing feed bunk
competition. 

Ensure cows have access to their formulated ration
throughout the day!
For intensively group-housed dairy cattle diurnal
feeding patterns are mostly influenced by the time of
feed delivery, feed push-up and milking (DeVries et
al., 2003). One of the most common feeding
management practices believed to stimulate feeding
activity is feed push-up. When fed a TMR, dairy
cows have a natural tendency to continually sort
through the feed and toss it forward where it is no
longer within reach. This is particularly problematic
when feed is delivered via a feed alley and, thus,
producers commonly push the feed closer to the cows
in between feedings to ensure that cows have
continuous feed access. In an observational study
Menzi and Chase (1994) noted that the number of
cows feeding increased after feed push up, however
they concluded that feed push ups had “minor and
brief effects” in comparison to milking on the feed
bunk attendance. In a more recent study, we tested
the stimulatory effect of feed push-up by increasing
the number of push ups during the late evening and
early morning (DeVries et al., 2003). In that study we
found that the addition of extra feed push ups in the
early morning hours did little to increase feeding
activity. However, push up does play a vital role in
ensuring that feed is accessible when cows want to
eat.

For group-housed dairy cattle, the act of feed
delivery acts as the primary stimulus by which dairy
cows are attracted to the feed bunk (DeVries and von
Keyserlingk, 2005). Thus, the frequency of feed
delivery should influence the feeding patterns of
lactating dairy cows. To test this prediction, we
conducted an experiment to determine whether
increasing frequency of feed delivery affects the
behavior of group-housed dairy cows (DeVries et al.,
2005). This objective was tested in two experiments.
In the first experiment, the treatments were: 1)
delivery of feed once per day (1x), and 2) delivery of
feed twice per day (2x). The treatments for the second
experiment were: 1) delivery of feed 2x, and 2)
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delivery of feed four times per day (4x). In both
experiments, increased frequency of feed provision
increased total daily feeding time by 10 and 14
minutes, respectively, as well as increased the
distribution of feeding time throughout the day. The
distribution of feeding time in both experiments
indicated that cows had more equal access to feed
throughout the day when provided feed more
frequently. Frequency of feed delivery had no effect
on the daily lying time of the cows or the total
number of aggressive interactions at the feed bunk.
However, we did find that subordinate cows were
not displaced as frequently when fed more often,
indicating that these cows would have greater access
to feed, particularly fresh feed, when the frequency of
feed delivery is high. In addition to these behavioral
measures, we also looked at the effects of frequency
of feed delivery on feed composition throughout the
day. In both experiments we noted that the neutral
detergent fiber (NDF) content of the TMR present in
the feed bunk increased throughout the day,
indicating that sorting of the feed had occurred,
particularly on the 1x treatment. Corroborating this, it
was recently shown in a multi-herd study (Endres
and Espejo, 2010) that a greater change in ration NDF
content over the course of the day was associated
with lower frequency of feed delivery (i.e. 1x vs. 2x or
3x per day).  

Increased sorting of a TMR when fed 1x per day may
be particularly troublesome under some management
situations. In two recent studies we have investigated
the effects of water addition to a TMR, fed 1x per day,
containing solely haylage and corn silage forage
sources (Miller-Cushon and DeVries, 2009; Felton and
DeVries, 2010). In the first study we reduced TMR
dry matter concentration from 58 to 48% (Miller-
Cushon and DeVries, 2009). In a second study we
reduced TMR dry mater concentration from 56 to 50
to 44% (Felton and DeVries, 2010). In both studies we
found that the addition of water to these higher
moisture TMR, containing no dry forage, actually
resulted in greater amounts of feed sorting. In
addition to this, increased amounts of water added to
the rations also resulted in lower DMI. Reduced DMI
with lower dietary DM is likely due, in part, to the
increased filling effect of higher moisture rations.
Interestingly, in the second study we found that
greater amounts of water added to the TMR resulted
in greater increases in feed temperature in the hours
after feed was placed in the feed bunk, particularly
with higher ambient temperatures (Felton and
DeVries, 2010). This increased feed temperature may
be indicative of feed spoilage and, thus, may be
contributing to these effects. Thus, when feeding
higher moisture TMR during periods of high ambient
temperatures, delivering feed 1x per day may not

only increase the risk of greater amounts of sorting,
but may also limit DMI.

Despite these results, there are still potential benefits
of adding water to TMR under certain circumstances.
Adding water to dry TMR should help bind particles
together and make it harder for dairy cattle to sort
out smaller particles. Leonardi et al. (2005)
demonstrated that reducing DM concentration of a
TMR, containing dry forages, from 80 to 64% through
water addition resulted in a reduction in the extent of
feed sorting against long particles and for short
particles, a tendency for increased NDF intake and
greater milk fat percentage (3.41 vs. 3.31%). The effect
water addition may have on reducing feed sorting
may hinge on the original DM content of the ration,
and whether or not dry forage was included in that
ration. It would be recommended that in situations
where sorting is evident, producers try adding water
to their TMR, however be careful to monitor the
effects that this may have. In cases where sorting
increases with additional water, it would be
recommended to stop this practice.

Minimize competition at the feed bunk!
One of the specific objectives of cattle housing is to
provide a comfortable environment that will allow
cows to meet their behavioral and physiological
needs (Phillips, 2001). There are several aspects of the
feeding environment that have the potential to
influence the ability of cows to access feed, including
the amount of available feed bunk space per animal
and the physical design of the feeding area.

Recent observations have shown that at the
suggested industry standard of 24 inches of feeding
space per cow not all animals can access feed at the
same time (DeVries et al., 2003). As social animals,
cattle tend to synchronize their behavior, including a
strong desire to access the feed bunk as a group.
Reduced space availability has been shown to result
in increased aggressive behavior in cattle (Kondo et
al., 1989). When feed bunk space is limited, increases
in aggressive behavior are thought to limit the ability
of some cows to access feed at times when feeding
motivation is high, particularly after the delivery of
fresh feed (DeVries et al., 2004; Huzzey et al., 2006).
Hosseinkhani et al. (2008) recently demonstrated that
competition at the feed bunk dramatically increased
the feeding rate at which cows feed throughout the
day. These researchers also found that competitively-
fed cows have fewer meals per day, which tend to be
larger and longer. In the study by Hosseinkhani et al.
(2008) it was also found that competition changed the
distribution of DMI over the course of the day,
resulting in higher intakes during the later hours
after feed delivery after much of the feed sorting had
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already occurred. Thus, increased competition
promotes feeding behavior that forces subordinate
cows to consume more of their feed after the
dominant cows have sorted the TMR. These results
suggest that increased competition at the feed bunk
promotes feeding behavior patterns that will likely
increase the between-cow variation in composition of
TMR consumed and the risk of sub-acute ruminal
acidosis. Providing more space than the current
industry norm has been shown to improve feed bunk
access; this increases feeding times and decreases
competition, with subordinate cows showing the
greatest responses (DeVries et al., 2004; Huzzey et al.,
2006). This change will help reduce the variation in
the composition of feed cows consume as subordinate
cows will be able to access the feed prior to it being
sorted through by those dominant cows. 

In addition to increasing the amount of available feed
bunk space, competition for feed can also be reduced
through design of the feeding area. Researchers have
shown that a headlock system greatly reduces
competition at the feed bunk compared with a post-
and-rail system (Endres et al., 2005; Huzzey et al.,
2006). Another option to reduce competition is the
use of partitions (feed stalls) between the bodies of
adjacent cows at the feed bunk. DeVries and von
Keyserlingk (2006) demonstrated that feed stalls
resulted in increased feeding time and decreased
competition, particularly for subordinate cows. Their
results suggest feed stalls provide additional
protection for feeding cows, and improved access to
feed beyond that provided by simply increasing the
amount of space per animal. 

It has become increasingly evident from this research
that the provision of more feed bunk space (than
traditionally provided), particularly when combined
with (e.g. feed stalls), will improve access to feed and
reduce competition at the feed bunk, particularly for
subordinate cows. This could help reduce the
between-cow variation in the composition of ration
consumed by preventing subordinate cows from
being forced to access the bunk only after dominant
cows have sorted the feed.

CONCLUSIONS
This proceedings chapter summarizes a number of
studies that have been undertaken that collectively
provide us with a basic understanding of how
various feed bunk management strategies can be
used to reduce nutrient intake variability and
maximize the potential of the rations provided. This
can be accomplished by ensuring cows have access to
their formulated ration throughout the day and
minimizing feed bunk competition. Access to the
formulated ration can be improved by delivering feed
frequently, pushing up feed frequently, and
minimizing feed sorting. Feed bunk competition may
be reduced by providing more feed bunk space than
traditionally recommended—particularly when
combined with a physical partition at the feed barrier. 
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INTRODUCTION
Both natural ventilation and negative pressure
mechanical ventilation are widely and successfully
used in buildings used to house adult cattle.
However, field investigations of herds with calf
respiratory disease by our clinical service suggest that
both methods are problematic for calf barns,
particularly in cold weather.  Barns ventilated with
negative-pressure mechanical systems present their
own set of practical problems.  Because of the
relatively small air exchange rates used in cold
weather, it is difficult to design inlet systems to
distribute small volumes of fresh air throughout a
barn.  In addition, the proper functioning of negative
pressure systems is dependent upon a level of
maintenance and management that is not commonly
provided by calf barn personnel.  In contrast,
naturally ventilated calf barns present a different set
of problems that include draft-free pens that prevent
ventilation of the pen itself, resulting in highly
polluted microenvironments within well ventilated
barns.

In contrast, clinical experiences in literally hundreds
of calf barns suggest that positive-pressure
ventilation systems to supplement natural or
negative-pressure ventilation systems can make a
substantial improvement in calf respiratory health.
This paper will summarize our work using airborne
bacterial counts as a marker of ventilation quality,
discuss common problems of natural and negative-
pressure mechanical ventilation systems in calf barns,
and describe some techniques for installing
supplemental positive-pressure ventilation systems.

AIRBORNE BACTERIA CONCENTRATION AS A
MARKER OF AIR HYGIENE
Airborne bacteria sampling devices based upon
impaction on agar plates have been developed for
quality control programs in sterile room
manufacturing facilities, surgical suites, and other
purposes.  A programmed quantity of air is drawn
through the sampling device at precise speeds where
the mass of the airborne organism impacts the media
in a Petri dish [1]. After incubation, the colonies are
counted, allowing the user to estimate the quantity of
colony-forming units per cubic meter of air (cfu/m3).
Because the sampling devices being manufactured
are designed for very clean spaces, collections of even
the minimal volumes of air frequently result in

overgrown plates. In our clinical program, the
standard collection through the air sampler
(airIDEAL, bioMerieux, Inc., Hazelwood, MO) is 5
liters of air onto blood agar plates (BAP) where the
maximum “accurate” count is 326,418 cfu/m3

In the most general terms, outdoor air collected onto
BAP will contain about 100-1,000 cfu/m3, although
we have collected samples as high as 20,000 in some
situations.  In well-ventilated livestock buildings, we
expect to recover from 5,000-30,000 cfu/m3.
Generally, bacterial counts exceed 100,000 cfu/m3 in
poorly ventilated calf housing associated with
enzootic calf pneumonia.  Gross observation of
plates, however, suggests that many calf barns will
have counts that exceed several million live
organisms per cubic meter of air.

There is a mixed growth of bacteria recovered on the
plates, usually dominated by various Staphylococci,
Streptococci, Bacillus, and E. coli.   Rather than
attempt to isolate and count specific respiratory
pathogens, we have used the total count on BAP as a
marker of air hygiene. While the total count should
not be viewed as causative, a field study by Lago et
al. shows an association between total cfu/m3 and
the prevalence of calves with respiratory disease [2].

FACTORS THAT DETERMINE BACTERIAL
COUNTS IN AIR
A conceptual formula has been developed to describe
bacterial density in air [3].

The symbol C is the concentration of bacterial colony
forming particles per cubic meter of air, N is the
number of animals, V is the volume of building space,
R is the release of organisms per animal, and q
describes the clearance of bacteria from air by
ventilation (v), sedimentation (s), inspiration into
respiratory tracts (r), and desiccation and UV light (d).

Stocking density is the most significant determinant
of air bacterial counts.  Using mathematical models to
calculate airborne bacterial densities, an approximate
tenfold increase in ventilation rate (example, from 4
to 40 air changes per hour) does not fully compensate
for a doubling of stocking density [3].
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Airborne bacteria are released primarily from skin,
feces, and bedding, but cattle with respiratory disease
can exhale and cough pathogens into the air [3].
Clearances of organisms by inspiration (qr) into lungs
and sedimentation (qs) to the floor are minor factors.
The primary clearance mechanisms are though
desiccation (qd) and ventilation (qv).  Most bacteria
die within seconds after becoming airborne because
of dehydration.  As relative humidity increases above
approximately 80%, bacterial survival time varies
with species but generally increases into minutes,
resulting in dramatic increases in bacterial density
[3].  Floors that allow urine and water to accumulate
will be associated with higher humidity levels.
Careless water-use practices from hoses and power
washers can increase humidity greatly and increase
the bacterial load in air. Warm air can hold more
water than cold air, therefore heating air will reduce
the relative humidity although the absolute water in
the air remains the same.  Therefore, heating air will
reduce relative humidity, which may reduce bacterial
loads because of increased clearance through
desiccation. Ventilation removes organisms directly in
the airstream leaving the building, and also reduces
relative humidity which again may reduce the
numbers of live airborne bacteria in the building.

THE ISSUE WITH CALF HUTCHES
The traditional single calf hutch remains the
preferred standard for calf housing and is associated
with reduced morbidity and mortality [4],[5]. Hutch
housing offers several advantages for calf respiratory
health including isolation and spatial separation from
other calves [6].  Unpublished data summarizing air
samples collected deep inside hutches as a part of our
clinical investigations shows typical total counts of
about 20,000 cfu/m3, but will exceed 100,000 cfu/m3
if the bedding is disturbed by an active calf.
Compared with most other housing types, hutches
offer the calf considerable choice to move between
very different thermal environments in the rear of the
hutch, front, and an outdoor pen [7].   However
successful hutches may be for calves, they present
very uncomfortable working conditions for calf
caregivers in adverse weather. Delivering milk to 4
or 6 calves during a snowstorm may be viewed as a
challenge, but delivery to a hundred calves is a
hardship. As dairy herds in the Midwest have
increased in size, there has been a renewed interest in
moving calves and caregivers out of the weather and
into a variety of calf barns.

INDIVIDUAL CALF PENS IN NATURALLY
VENTILATED BARNS
Because natural ventilation systems have been
successfully used in the new cow barns in expanded
herds, many dairy owners have constructed naturally
ventilated barns for calves as well. The barns usually
have the typical open ridge and curtain sidewalls as
recommended for adult cow barns [8] and are
ventilated by external wind forces and by effects of
thermal buoyancy as animals warm the interior air
[9]. In warm weather, the curtain walls are lowered
and the barn is ventilated by prevailing winds that
move directly through the building.  In cold weather,
the curtain sidewalls are raised and the building is
ventilated by wind entering the open eave on the
windward side and potentially by thermal buoyancy
of warmed air rising toward the open ridge.

The pen structure within the barns varies
considerably.  Some pens have three or four solid
sides, sometimes a top “hover”, and at the other
extreme are pens with mesh panels on three or more
sides. The fully enclosed pens seem to have evolved
because of concerns about drafts of cold air on young
calves.

Because our clinical investigations of problem herds
suggested that endemic calf pneumonia is common in
these new barns, we conducted a field trial to explore
risk factors for calf respiratory disease in winter
conditions [2].  In comparing the alley and pens
within barns, the airborne bacterial concentrations in
the alleys were associated with the estimated barn
ventilation rate, but the air hygiene within the pens
was independent of barn ventilation rate. Albright
indicates that incoming air from prevailing winds
generally enters the barns through eaves at too slow a
speed to allow for good mixing, particularly when
there are solid obstructions within the barn [9].
Ventilation by thermal buoyancy is also limited in
calf barns in winter because of the minimal difference
between the interior and exterior temperatures. In the
temperature data collected by Lago et al., the average
temperature difference was only 1.6º C and one
fourth of the barns were colder inside than outside at
midday [2]. Because both of the forces essential for
natural ventilation are compromised in winter
operation of calf barns, most of the pens are poorly
ventilated microenvironments within well ventilated
barns.

While ventilation of barns and pens is the focus of this
article, the field study by Lago identified three factors
as significantly associated with reductions in the
prevalence of respiratory disease within the barns: a
solid panel between each calf, sufficient bedding to
nest, and lower airborne bacterial counts [2].  The
findings are summarized graphically in Figure 1. 
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Solid Panel between Calves
The difference in prevalence of respiratory disease in
pens with a wire mesh or a solid panel between each
pen was significant. A solid panel between each calf
is a traditional recommendation from veterinarians
and perhaps helps to limit movement of pathogens
from one calf to another. However, increasing the
number of solid sides was associated with higher
airborne bacterial counts, a factor adverse to
respiratory health. In the later part of this paper, the
use of positive pressure ventilation systems to dilute
and freshen the air between solid panels will be
discussed.

Sufficient Bedding for the Calf to “Nest”
With the thermoneutral zone of a newborn calf is
between 50 and 79ºF and between 32 and 73ºC for a
1-month old calf [12], nursing calves are very
vulnerable to cold stress. Clearly, young calves are
exposed to temperatures below their thermoneutral
zone during many days and nights in Upper
Midwest winters.

Bedding provides a potentially effective mechanism
for calves to reduce heat loss. If the bedding is
sufficiently deep, the calf can “nest” and trap a
boundary layer of warm air around itself, which
reduces the lower critical temperature of the calf [3].
In our clinical work, we assign a nesting score based
upon how visible the calf legs are when the calf is
lying down. A score of minimal nesting is assigned
when the calf lies on top of the bedding with its legs
exposed. A score of moderate is assigned when
calves nestle slightly into the bedding, but parts of
the legs are visible above the bedding.  An excellent

score is assigned when the calf appears to nestle
deeply with its legs completely obscured by the
bedding. The potential for the calf to nest deeply
appears to reduce the risk of chilling and allows for
colder and better ventilated spaces.

Low Total Airborne Bacterial Counts within the
Pens
Lower total airborne bacterial counts were associated
with reduced prevalence of respiratory disease in the
barns. The total airborne bacterial counts should not
be viewed as the cause of respiratory disease, but
rather as a marker of poorly ventilated spaces.
Wathes et al. [12] point out that most airborne
bacteria are non-pathogenic, but that even dead
airborne bacteria can be a burden to respiratory tract
defenses. Because calves spend 100% of their time in
the pens and cannot leave for even short periods of
time, the exposure to the air within the
microenvironment is continuous and chronic.
Factors associated with lowered airborne bacterial
loads include larger area pens and fewer solid sides
around the pen.  Increasing the area of the pen from
25 ft2 to 40 ft2 reduces the airborne bacterial density
in the pen by nearly half [2]. The finding that any
solid panels increased the airborne bacterial counts
which increases the risk of respiratory disease
confounds the finding that a solid panel between
each calf reduces the risk of respiratory disease.  In
practical terms, the expected reduction in the
prevalence of respiratory disease by placing a solid
panel between each calf is greater than the expected
effect of the improved air hygiene without them.  In
our clinical work, we have emphasized the use of a
solid paned between each calf, open mesh panels on
the front and, if possible, rear of the pen, and use of
supplemental positive pressure ventilation systems to
achieve improve air hygiene between the solid
panels.

NEGATIVE PRESSURE VENTILATION IN CALF
BARNS IN WINTER
Negative pressure mechanical ventilation systems are
commonly recommended for livestock buildings
because passive inlet systems are usually cheaper to
construct than ductwork associated with positive
pressure systems. While negative pressure systems
can be very successful in many housing systems, they
present special problems in calf barns.  In winter, the
recommended ventilation rates result in very small
capacity systems that are very difficult to design and
maintain.  For example, MWPS guidelines suggest a
minimal cold weather ventilation rate of 15 cubic feet
per minute (ft3/m) per calf [10].  

Some of the difficulties are best understood by
working through the design parameters of an
example barn housing 50 calves. A cold weather
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ventilation system would provide 750 ft3/m of fresh
air to be distributed throughout the building.  In
order to mix with the air already in the barn, inlets
should be designed so that the incoming air enters at
about 800 feet per minute (ft/m) [10].  To achieve this
velocity, the total air inlet area would need to
approximate 0.93 square feet, a very small area. If the
barn were configured with two rows of 25 pens on
each side of a central alley, and each pen were 4 ft
wide, the barn might be 100 ft long.  If a single
continuous slot inlet is designed along one side of the
barn, the required width of the slot would be 0.009 ft
wide, or 0.0045 ft wide if it ran along both sides.
Slots of this width cannot be constructed with any
accuracy with standard farm building construction
practices.  An alternative would be to drill inlet holes
into an attic to yield the appropriate area.  If one inlet
hole were to be drilled above each pen, each of the
100 holes would need to be just over 1 inch in
diameter.  More feasible, but holes this size in an attic
are easily plugged with insulation, leaves, and other
refuse that enters attics of livestock buildings.

In addition to the difficulty of inlet sizing is the risk
of other inlet openings.  If there are undetected
openings in the walls or around windows, air will
also enter through those openings, becoming part of
the cumulative inlet area, and reducing the incoming
air speed.  In a calf barn of this size, it would be
almost impossible to not have at least a square foot of
unrecognized openings.  Because of these openings,
the air coming into the barn usually enters too slowly
to mix well and is frequently poorly distributed
within the barn.  Finally, if a worker should leave a
door slightly ajar or break a window, the area of such
an opening will essentially render the distribution
system non-functional.  

Clinical experience using the air sampling device
during the winter has demonstrated that very poor
distribution of fresh air is almost standard in
negative-pressure mechanically ventilated barns.
These experiences have led me to the conclusion that
low-volume negative pressure systems for winter
calf-barn use are not reliable enough to be
recommended.  

POSITIVE PRESSURE SYSTEMS TO
SUPPLEMENT OTHER VENTILATION SYSTEMS
In contrast, positive pressure mechanical systems
appear to be very dependable and consistent for low
capacity situations.  The advantage is that they can be
a self-contained system of a fan forcing air into a
distribution duct. It will not be affected by unseen
cracks in the walls and windows or doors left ajar.
They can complement naturally ventilated calf barns
and deliver minimal volumes of fresh air to dilute
polluted air within the pens. As weather warms, the

sidewall curtains are lowered and the positive
pressure system continues to operate. Positive
pressure systems can also be used to complement
negative pressure systems, i.e., the positive pressure
system can be used at low ventilation winter
situations and then be supplemented with larger
capacity negative pressure systems that engage as the
temperature increases. 

DESIGNING A POSITIVE-PRESSURE SYSTEM
FOR WINTER USE
The general approach to designing a positive-
pressure supplemental system for winter is to 1)
determine the total minimal winter ventilation rate
for the building, 2) decide how many distribution
ducts are required, 3) calculate the minimal cross-
sectional area of the duct(s) so that it can carry the
required volume of air at moderate speeds, 4) specify
the area required for air to leave the duct at high
speeds, and 5) distribute that air inlet area along the
entire length of the duct. 

Minimal Ventilation Rate for Cold Calf Barns
Current recommendations for a minimal winter
ventilation rate in calf barns range from 15 ft3/m per
calf to 4 air changes per hour of the building. If the
number of calves varies from time to time, the
ventilation rate should be based upon the maximal
number of calves. It is often practical to calculate the
ventilation capacity using both approaches and then
purchase a fan to move a volume of air somewhere
intermediate to the two rates.  With increasing
experience, I am tending to ventilate calf barns at the
higher rates usually nearer the 4 air changes per hour.

Ventilating at these rates will produce freezing
temperatures in very cold weather.  It is critical that
the calves have deep straw in which to “nest” and
that they are fed adequately to meet energy needs of
cold weather.  Consider using the simple, but very
effective, calf ration analysis program provided in the
last version of Nutrient Requirements of Dairy Cattle
[11].

The fan should be mounted in an exterior wall and
the distribution tube attached directly to the fan.  The
tube should carry only exterior air.  Many people will
recall these same systems used as recirculation
systems about 30 years ago.  In those installations,
the fan was installed a foot or two inside the barn
relatively close to a louvered inlet and the air was
primarily recycled air from within the building.

If the fan is mounted on an exterior wall, it will need
a hood to keep snow and rain from entering the
system.  In some situations where the fan is close to
the roofline, snow can drift off the roof and get
picked up in the flow of air entering the hood to the
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fan.  To reduce the likelihood of this happening,
install an oversized hood and extend it further away
from the roofline.  The larger the cross-sectional area
of the hood entrance, the slower the velocity of the
air entering the hood and the less likely it will be that
snow will accumulate within the tube.

There are situations where there are rooms for other
purposes between the outside wall and the calf room,
usually utility or feed storage sites.  In some cases,
ducts need to be constructed from the sidewall into
the room and the fan and tube attached to the duct.
The cross-sectional area of the supply duct to the side
should be approximately double the cross-sectional
area of the distribution tube.

Number of Distribution Ducts
In still conditions, air exiting a tube can produce
some mixing with the existing air for a distance of
perhaps 10-20 feet depending on internal static
pressure and exit hole size.  These factors are
discussed below. With air exiting from two sides of a
centrally located duct, one duct can suffice for every
20-40 ft of building width.  Experience suggests that
the most satisfactory systems in wide barns are
spaced approximately every 25-30 feet.

Cross-Sectional Area of the Duct
The cross-sectional area of the duct should be large
enough to carry the desired volume of air at
moderate speeds.  For common flexible tube ducts,
the cross-sectional area of the duct should be sized so
that the calculated air speed through the duct nearest
the fan is within a range of approximately 800-1,020
ft/m [10], although several commercial
manufacturers of tube systems make
recommendation for air speed in the proximal end of
the tube to be less than 1,200 ft/m.  This usually
required that the diameter of the tube is 1.25 to 1.5
times the diameter of the fan.  Sometimes the sales
representatives of the fan and tube suppliers
recommend that the tube and the fan be the same
diameter.  If the fan and tube are the same diameter,
the air speed in the proximal end of the tube is so fast
that very little air exits the holes in the proximal 15-
25 ft of the tube.  In many barns, this results in no
ventilation benefits to as many as 8-14 calf pens.

Connecting the larger diameter tube to a smaller
diameter fan requires some improvisation.  In some
installations, the larger diameter tube is mounted on
various pieces of plastic cut from barrels or pails,
which in turn is mounted to surround the fan.

Total Area of Inlet Holes in the Duct
The air forced into the distribution duct should exit
the holes at a speed of 1,200-1,400 ft/m so that it

travels some distance toward the pens and mixes
well with the existing interior air [10].

For every quantity of air forced into the building, an
equal quantity of air must leave the building. In
naturally ventilated buildings, this air will exit
through the open ridge and eaves.  In mechanically
ventilated buildings in tightly closed buildings, make
sure that there are openings from the building at least
equal in area to the calculated inlet area.

Uniform Distribution of the Incoming Air
The goal of these systems is to deliver a small volume
of fresh air to the microenvironment of the calf
without creating a draft.  Technically, a draft is
defined as air movement at a speed greater than 50
ft/m [12]. Do not expect to squat in the calf pen and
feel a cooling breeze; the air movement should be
imperceptible except that it should not feel stale.

The openings from the distribution duct should
distribute the air evenly throughout the area in which
calves are housed. With the polyethylene tubes, this
is done by punching holes along the length of the
tube.  The holes are usually custom punched and you
must specify the diameter of the holes, the intervals
between holes, and the location on the tube in terms
of clock positions, i.e., 5:00 and 7:00 o’clock.

If air exits two holes of different diameters at
precisely the same speed, the air emerging from the
larger diameter hole will have the greater “throw”
distance [13].  In general, options for precut holes
range from about 1 to 3 inches.  However,
manufacturers of higher quality tubes cut holes with
lasers and the diameters can be cut to any dimension.
For typical installations in calf barns, the holes range
between 1.5-2.5 inches in diameter.

If the total exit area is sized to produce an air exit
speed of 1,200 ft/m, a 1” hole should yield a “throw
distance” to sill air of 8 feet, a 1.5” hole yields a 12 ft
throw, a 2.0” hole yields 15 ft throw, a 2.5” hole yields
19 ft throw, and a 3.0” hole yields a 23 ft throw.  If the
exit speed is greater or less than 1,200 ft/m, throw
distances will also change.

The total number of punched holes is determined by
dividing the total area needed to achieve an air exit
speed of about 1,200 ft/m by the area of the chosen
diameter hole. The spacing between holes is
determined by the length of the tube.  If the holes are
located in pairs with one on each side of the tube, the
total length of the tube is then divided by half the
total number of holes to yield the interval between
each pair of holes.
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There is no need to have a hole punched for each
stall.  As the air exits the tube, it begins to slow and
disperse wider and more slowly.  However, the holes
can become too widely spaced and the holes should
be spaced no further that the width of two pens.

The clock position of the holes on the tube controls
the direction of the air flow toward the pens.  The
goal is to force a small amount of air into the
environment of the calf, yet not create a draft. In
general, the further the tube is mounted above the
floor, the more nearly vertical the hole position
should be.  For example, if the bottom of the tube is
more than 10 ft high, 5:00 and 7:00 o’clock sites may
be preferred.  If the bottom of the tube is 8 ft above
the floor, the 4:00 and 8:00 o’clock locations might be
preferred.

These positive pressure systems are complementary
to natural and negative pressure systems that may
become predominant as the temperature increases.
Curtains should be opened normally or if negative
pressure systems are present, the fans should be
activated with thermostats and additional inlets
opened as normal.

Supporting the Tubes for Protection from Wind
Damage
The tubes are usually clipped to a cable stretched
between the end walls of the building. The tubes
sometimes are sometimes buffeted by winds in the
summer when sidewall curtains are down.  There are
several approaches to address this problem.  First,
manufacturers of higher quality tubes supply more
durable fabrics and also offer suspension systems
using two cables and durable clips to the cables.
Alternatively, supplemental support can be provided
with “freezer strips” or bands of heavy plastic spaced
approximately every 6 ft to cradle the plastic tube.
Third, the ducts can be installed up within the truss
structure which removes the tube from some of the
the direct force of prevailing winds.  Finally, some
installations of larger diameter polyvinylchloride
pipe have been completed.  While these materials are
more expensive than flexible polyethylene tubing,
they will withstand wind forces better. When using
pipe ducts, the holes need to be drilled manually into
the pipe.

SUMMARY
The last several years of research and clinical
experience in calf barns have suggested that
traditional systems of ventilation, both natural and
negative-pressure mechanical systems, are
problematic in cold weather.  Individual pen designs
should have two solid sides, but the front and rear
should be as open as possible.  Thermal stress should
be managed by providing deep, long straw bedding

and not by enclosing the pen.  Air hygiene can be
improved in most situations by supplemental
positive pressure ventilation systems to deliver very
small amounts of air to each pen. Implementation of
these recommendations can produce calf barns that
appear to equal calf hutches in terms of minimizing
disease and provide better working conditions for the
caregivers.
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INTRODUCTION
Both natural ventilation and negative pressure
mechanical ventilation are widely and successfully
used in buildings used to house adult cattle.
However, field investigations of herds with calf
respiratory disease by our clinical service suggest that
both methods are problematic for calf barns,
particularly in cold weather.  Barns ventilated with
negative-pressure mechanical systems present their
own set of practical problems.  Because of the
relatively small air exchange rates used in cold
weather, it is difficult to design inlet systems to
distribute small volumes of fresh air throughout a
barn.  In addition, the proper functioning of negative
pressure systems is dependent upon a level of
maintenance and management that is not commonly
provided by calf barn personnel.  In contrast,
naturally ventilated calf barns present a different set
of problems that include draft-free pens that prevent
ventilation of the pen itself, resulting in highly
polluted microenvironments within well ventilated
barns.

In contrast, clinical experiences in literally hundreds
of calf barns suggest that positive-pressure
ventilation systems to supplement natural or
negative-pressure ventilation systems can make a
substantial improvement in calf respiratory health.
This paper will summarize our work using airborne
bacterial counts as a marker of ventilation quality,
discuss common problems of natural and negative-
pressure mechanical ventilation systems in calf barns,
and describe some techniques for installing
supplemental positive-pressure ventilation systems.

AIRBORNE BACTERIA CONCENTRATION AS A
MARKER OF AIR HYGIENE
Airborne bacteria sampling devices based upon
impaction on agar plates have been developed for
quality control programs in sterile room
manufacturing facilities, surgical suites, and other
purposes.  A programmed quantity of air is drawn
through the sampling device at precise speeds where
the mass of the airborne organism impacts the media
in a Petri dish [1]. After incubation, the colonies are
counted, allowing the user to estimate the quantity of
colony-forming units per cubic meter of air (cfu/m3).
Because the sampling devices being manufactured
are designed for very clean spaces, collections of even
the minimal volumes of air frequently result in

overgrown plates. In our clinical program, the
standard collection through the air sampler
(airIDEAL, bioMerieux, Inc., Hazelwood, MO) is 5
liters of air onto blood agar plates (BAP) where the
maximum “accurate” count is 326,418 cfu/m3

In the most general terms, outdoor air collected onto
BAP will contain about 100-1,000 cfu/m3, although
we have collected samples as high as 20,000 in some
situations.  In well-ventilated livestock buildings, we
expect to recover from 5,000-30,000 cfu/m3.
Generally, bacterial counts exceed 100,000 cfu/m3 in
poorly ventilated calf housing associated with
enzootic calf pneumonia.  Gross observation of
plates, however, suggests that many calf barns will
have counts that exceed several million live
organisms per cubic meter of air.

There is a mixed growth of bacteria recovered on the
plates, usually dominated by various Staphylococci,
Streptococci, Bacillus, and E. coli.   Rather than
attempt to isolate and count specific respiratory
pathogens, we have used the total count on BAP as a
marker of air hygiene. While the total count should
not be viewed as causative, a field study by Lago et
al. shows an association between total cfu/m3 and
the prevalence of calves with respiratory disease [2].

FACTORS THAT DETERMINE BACTERIAL
COUNTS IN AIR
A conceptual formula has been developed to describe
bacterial density in air [3].

The symbol C is the concentration of bacterial colony
forming particles per cubic meter of air, N is the
number of animals, V is the volume of building space,
R is the release of organisms per animal, and q
describes the clearance of bacteria from air by
ventilation (v), sedimentation (s), inspiration into
respiratory tracts (r), and desiccation and UV light (d).

Stocking density is the most significant determinant
of air bacterial counts.  Using mathematical models to
calculate airborne bacterial densities, an approximate
tenfold increase in ventilation rate (example, from 4
to 40 air changes per hour) does not fully compensate
for a doubling of stocking density [3].
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Airborne bacteria are released primarily from skin,
feces, and bedding, but cattle with respiratory disease
can exhale and cough pathogens into the air [3].
Clearances of organisms by inspiration (qr) into lungs
and sedimentation (qs) to the floor are minor factors.
The primary clearance mechanisms are though
desiccation (qd) and ventilation (qv).  Most bacteria
die within seconds after becoming airborne because
of dehydration.  As relative humidity increases above
approximately 80%, bacterial survival time varies
with species but generally increases into minutes,
resulting in dramatic increases in bacterial density
[3].  Floors that allow urine and water to accumulate
will be associated with higher humidity levels.
Careless water-use practices from hoses and power
washers can increase humidity greatly and increase
the bacterial load in air. Warm air can hold more
water than cold air, therefore heating air will reduce
the relative humidity although the absolute water in
the air remains the same.  Therefore, heating air will
reduce relative humidity, which may reduce bacterial
loads because of increased clearance through
desiccation. Ventilation removes organisms directly in
the airstream leaving the building, and also reduces
relative humidity which again may reduce the
numbers of live airborne bacteria in the building.

THE ISSUE WITH CALF HUTCHES
The traditional single calf hutch remains the
preferred standard for calf housing and is associated
with reduced morbidity and mortality [4],[5]. Hutch
housing offers several advantages for calf respiratory
health including isolation and spatial separation from
other calves [6].  Unpublished data summarizing air
samples collected deep inside hutches as a part of our
clinical investigations shows typical total counts of
about 20,000 cfu/m3, but will exceed 100,000 cfu/m3
if the bedding is disturbed by an active calf.
Compared with most other housing types, hutches
offer the calf considerable choice to move between
very different thermal environments in the rear of the
hutch, front, and an outdoor pen [7].   However
successful hutches may be for calves, they present
very uncomfortable working conditions for calf
caregivers in adverse weather. Delivering milk to 4
or 6 calves during a snowstorm may be viewed as a
challenge, but delivery to a hundred calves is a
hardship. As dairy herds in the Midwest have
increased in size, there has been a renewed interest in
moving calves and caregivers out of the weather and
into a variety of calf barns.

INDIVIDUAL CALF PENS IN NATURALLY
VENTILATED BARNS
Because natural ventilation systems have been
successfully used in the new cow barns in expanded
herds, many dairy owners have constructed naturally
ventilated barns for calves as well. The barns usually
have the typical open ridge and curtain sidewalls as
recommended for adult cow barns [8] and are
ventilated by external wind forces and by effects of
thermal buoyancy as animals warm the interior air
[9]. In warm weather, the curtain walls are lowered
and the barn is ventilated by prevailing winds that
move directly through the building.  In cold weather,
the curtain sidewalls are raised and the building is
ventilated by wind entering the open eave on the
windward side and potentially by thermal buoyancy
of warmed air rising toward the open ridge.

The pen structure within the barns varies
considerably.  Some pens have three or four solid
sides, sometimes a top “hover”, and at the other
extreme are pens with mesh panels on three or more
sides. The fully enclosed pens seem to have evolved
because of concerns about drafts of cold air on young
calves.

Because our clinical investigations of problem herds
suggested that endemic calf pneumonia is common in
these new barns, we conducted a field trial to explore
risk factors for calf respiratory disease in winter
conditions [2].  In comparing the alley and pens
within barns, the airborne bacterial concentrations in
the alleys were associated with the estimated barn
ventilation rate, but the air hygiene within the pens
was independent of barn ventilation rate. Albright
indicates that incoming air from prevailing winds
generally enters the barns through eaves at too slow a
speed to allow for good mixing, particularly when
there are solid obstructions within the barn [9].
Ventilation by thermal buoyancy is also limited in
calf barns in winter because of the minimal difference
between the interior and exterior temperatures. In the
temperature data collected by Lago et al., the average
temperature difference was only 1.6º C and one
fourth of the barns were colder inside than outside at
midday [2]. Because both of the forces essential for
natural ventilation are compromised in winter
operation of calf barns, most of the pens are poorly
ventilated microenvironments within well ventilated
barns.

While ventilation of barns and pens is the focus of this
article, the field study by Lago identified three factors
as significantly associated with reductions in the
prevalence of respiratory disease within the barns: a
solid panel between each calf, sufficient bedding to
nest, and lower airborne bacterial counts [2].  The
findings are summarized graphically in Figure 1. 
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Solid Panel between Calves
The difference in prevalence of respiratory disease in
pens with a wire mesh or a solid panel between each
pen was significant. A solid panel between each calf
is a traditional recommendation from veterinarians
and perhaps helps to limit movement of pathogens
from one calf to another. However, increasing the
number of solid sides was associated with higher
airborne bacterial counts, a factor adverse to
respiratory health. In the later part of this paper, the
use of positive pressure ventilation systems to dilute
and freshen the air between solid panels will be
discussed.

Sufficient Bedding for the Calf to “Nest”
With the thermoneutral zone of a newborn calf is
between 50 and 79ºF and between 32 and 73ºC for a
1-month old calf [12], nursing calves are very
vulnerable to cold stress. Clearly, young calves are
exposed to temperatures below their thermoneutral
zone during many days and nights in Upper
Midwest winters.

Bedding provides a potentially effective mechanism
for calves to reduce heat loss. If the bedding is
sufficiently deep, the calf can “nest” and trap a
boundary layer of warm air around itself, which
reduces the lower critical temperature of the calf [3].
In our clinical work, we assign a nesting score based
upon how visible the calf legs are when the calf is
lying down. A score of minimal nesting is assigned
when the calf lies on top of the bedding with its legs
exposed. A score of moderate is assigned when
calves nestle slightly into the bedding, but parts of
the legs are visible above the bedding.  An excellent

score is assigned when the calf appears to nestle
deeply with its legs completely obscured by the
bedding. The potential for the calf to nest deeply
appears to reduce the risk of chilling and allows for
colder and better ventilated spaces.

Low Total Airborne Bacterial Counts within the
Pens
Lower total airborne bacterial counts were associated
with reduced prevalence of respiratory disease in the
barns. The total airborne bacterial counts should not
be viewed as the cause of respiratory disease, but
rather as a marker of poorly ventilated spaces.
Wathes et al. [12] point out that most airborne
bacteria are non-pathogenic, but that even dead
airborne bacteria can be a burden to respiratory tract
defenses. Because calves spend 100% of their time in
the pens and cannot leave for even short periods of
time, the exposure to the air within the
microenvironment is continuous and chronic.
Factors associated with lowered airborne bacterial
loads include larger area pens and fewer solid sides
around the pen.  Increasing the area of the pen from
25 ft2 to 40 ft2 reduces the airborne bacterial density
in the pen by nearly half [2]. The finding that any
solid panels increased the airborne bacterial counts
which increases the risk of respiratory disease
confounds the finding that a solid panel between
each calf reduces the risk of respiratory disease.  In
practical terms, the expected reduction in the
prevalence of respiratory disease by placing a solid
panel between each calf is greater than the expected
effect of the improved air hygiene without them.  In
our clinical work, we have emphasized the use of a
solid paned between each calf, open mesh panels on
the front and, if possible, rear of the pen, and use of
supplemental positive pressure ventilation systems to
achieve improve air hygiene between the solid
panels.

NEGATIVE PRESSURE VENTILATION IN CALF
BARNS IN WINTER
Negative pressure mechanical ventilation systems are
commonly recommended for livestock buildings
because passive inlet systems are usually cheaper to
construct than ductwork associated with positive
pressure systems. While negative pressure systems
can be very successful in many housing systems, they
present special problems in calf barns.  In winter, the
recommended ventilation rates result in very small
capacity systems that are very difficult to design and
maintain.  For example, MWPS guidelines suggest a
minimal cold weather ventilation rate of 15 cubic feet
per minute (ft3/m) per calf [10].  

Some of the difficulties are best understood by
working through the design parameters of an
example barn housing 50 calves. A cold weather
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ventilation system would provide 750 ft3/m of fresh
air to be distributed throughout the building.  In
order to mix with the air already in the barn, inlets
should be designed so that the incoming air enters at
about 800 feet per minute (ft/m) [10].  To achieve this
velocity, the total air inlet area would need to
approximate 0.93 square feet, a very small area. If the
barn were configured with two rows of 25 pens on
each side of a central alley, and each pen were 4 ft
wide, the barn might be 100 ft long.  If a single
continuous slot inlet is designed along one side of the
barn, the required width of the slot would be 0.009 ft
wide, or 0.0045 ft wide if it ran along both sides.
Slots of this width cannot be constructed with any
accuracy with standard farm building construction
practices.  An alternative would be to drill inlet holes
into an attic to yield the appropriate area.  If one inlet
hole were to be drilled above each pen, each of the
100 holes would need to be just over 1 inch in
diameter.  More feasible, but holes this size in an attic
are easily plugged with insulation, leaves, and other
refuse that enters attics of livestock buildings.

In addition to the difficulty of inlet sizing is the risk
of other inlet openings.  If there are undetected
openings in the walls or around windows, air will
also enter through those openings, becoming part of
the cumulative inlet area, and reducing the incoming
air speed.  In a calf barn of this size, it would be
almost impossible to not have at least a square foot of
unrecognized openings.  Because of these openings,
the air coming into the barn usually enters too slowly
to mix well and is frequently poorly distributed
within the barn.  Finally, if a worker should leave a
door slightly ajar or break a window, the area of such
an opening will essentially render the distribution
system non-functional.  

Clinical experience using the air sampling device
during the winter has demonstrated that very poor
distribution of fresh air is almost standard in
negative-pressure mechanically ventilated barns.
These experiences have led me to the conclusion that
low-volume negative pressure systems for winter
calf-barn use are not reliable enough to be
recommended.  

POSITIVE PRESSURE SYSTEMS TO
SUPPLEMENT OTHER VENTILATION SYSTEMS
In contrast, positive pressure mechanical systems
appear to be very dependable and consistent for low
capacity situations.  The advantage is that they can be
a self-contained system of a fan forcing air into a
distribution duct. It will not be affected by unseen
cracks in the walls and windows or doors left ajar.
They can complement naturally ventilated calf barns
and deliver minimal volumes of fresh air to dilute
polluted air within the pens. As weather warms, the

sidewall curtains are lowered and the positive
pressure system continues to operate. Positive
pressure systems can also be used to complement
negative pressure systems, i.e., the positive pressure
system can be used at low ventilation winter
situations and then be supplemented with larger
capacity negative pressure systems that engage as the
temperature increases. 

DESIGNING A POSITIVE-PRESSURE SYSTEM
FOR WINTER USE
The general approach to designing a positive-
pressure supplemental system for winter is to 1)
determine the total minimal winter ventilation rate
for the building, 2) decide how many distribution
ducts are required, 3) calculate the minimal cross-
sectional area of the duct(s) so that it can carry the
required volume of air at moderate speeds, 4) specify
the area required for air to leave the duct at high
speeds, and 5) distribute that air inlet area along the
entire length of the duct. 

Minimal Ventilation Rate for Cold Calf Barns
Current recommendations for a minimal winter
ventilation rate in calf barns range from 15 ft3/m per
calf to 4 air changes per hour of the building. If the
number of calves varies from time to time, the
ventilation rate should be based upon the maximal
number of calves. It is often practical to calculate the
ventilation capacity using both approaches and then
purchase a fan to move a volume of air somewhere
intermediate to the two rates.  With increasing
experience, I am tending to ventilate calf barns at the
higher rates usually nearer the 4 air changes per hour.

Ventilating at these rates will produce freezing
temperatures in very cold weather.  It is critical that
the calves have deep straw in which to “nest” and
that they are fed adequately to meet energy needs of
cold weather.  Consider using the simple, but very
effective, calf ration analysis program provided in the
last version of Nutrient Requirements of Dairy Cattle
[11].

The fan should be mounted in an exterior wall and
the distribution tube attached directly to the fan.  The
tube should carry only exterior air.  Many people will
recall these same systems used as recirculation
systems about 30 years ago.  In those installations,
the fan was installed a foot or two inside the barn
relatively close to a louvered inlet and the air was
primarily recycled air from within the building.

If the fan is mounted on an exterior wall, it will need
a hood to keep snow and rain from entering the
system.  In some situations where the fan is close to
the roofline, snow can drift off the roof and get
picked up in the flow of air entering the hood to the
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fan.  To reduce the likelihood of this happening,
install an oversized hood and extend it further away
from the roofline.  The larger the cross-sectional area
of the hood entrance, the slower the velocity of the
air entering the hood and the less likely it will be that
snow will accumulate within the tube.

There are situations where there are rooms for other
purposes between the outside wall and the calf room,
usually utility or feed storage sites.  In some cases,
ducts need to be constructed from the sidewall into
the room and the fan and tube attached to the duct.
The cross-sectional area of the supply duct to the side
should be approximately double the cross-sectional
area of the distribution tube.

Number of Distribution Ducts
In still conditions, air exiting a tube can produce
some mixing with the existing air for a distance of
perhaps 10-20 feet depending on internal static
pressure and exit hole size.  These factors are
discussed below. With air exiting from two sides of a
centrally located duct, one duct can suffice for every
20-40 ft of building width.  Experience suggests that
the most satisfactory systems in wide barns are
spaced approximately every 25-30 feet.

Cross-Sectional Area of the Duct
The cross-sectional area of the duct should be large
enough to carry the desired volume of air at
moderate speeds.  For common flexible tube ducts,
the cross-sectional area of the duct should be sized so
that the calculated air speed through the duct nearest
the fan is within a range of approximately 800-1,020
ft/m [10], although several commercial
manufacturers of tube systems make
recommendation for air speed in the proximal end of
the tube to be less than 1,200 ft/m.  This usually
required that the diameter of the tube is 1.25 to 1.5
times the diameter of the fan.  Sometimes the sales
representatives of the fan and tube suppliers
recommend that the tube and the fan be the same
diameter.  If the fan and tube are the same diameter,
the air speed in the proximal end of the tube is so fast
that very little air exits the holes in the proximal 15-
25 ft of the tube.  In many barns, this results in no
ventilation benefits to as many as 8-14 calf pens.

Connecting the larger diameter tube to a smaller
diameter fan requires some improvisation.  In some
installations, the larger diameter tube is mounted on
various pieces of plastic cut from barrels or pails,
which in turn is mounted to surround the fan.

Total Area of Inlet Holes in the Duct
The air forced into the distribution duct should exit
the holes at a speed of 1,200-1,400 ft/m so that it

travels some distance toward the pens and mixes
well with the existing interior air [10].

For every quantity of air forced into the building, an
equal quantity of air must leave the building. In
naturally ventilated buildings, this air will exit
through the open ridge and eaves.  In mechanically
ventilated buildings in tightly closed buildings, make
sure that there are openings from the building at least
equal in area to the calculated inlet area.

Uniform Distribution of the Incoming Air
The goal of these systems is to deliver a small volume
of fresh air to the microenvironment of the calf
without creating a draft.  Technically, a draft is
defined as air movement at a speed greater than 50
ft/m [12]. Do not expect to squat in the calf pen and
feel a cooling breeze; the air movement should be
imperceptible except that it should not feel stale.

The openings from the distribution duct should
distribute the air evenly throughout the area in which
calves are housed. With the polyethylene tubes, this
is done by punching holes along the length of the
tube.  The holes are usually custom punched and you
must specify the diameter of the holes, the intervals
between holes, and the location on the tube in terms
of clock positions, i.e., 5:00 and 7:00 o’clock.

If air exits two holes of different diameters at
precisely the same speed, the air emerging from the
larger diameter hole will have the greater “throw”
distance [13].  In general, options for precut holes
range from about 1 to 3 inches.  However,
manufacturers of higher quality tubes cut holes with
lasers and the diameters can be cut to any dimension.
For typical installations in calf barns, the holes range
between 1.5-2.5 inches in diameter.

If the total exit area is sized to produce an air exit
speed of 1,200 ft/m, a 1” hole should yield a “throw
distance” to sill air of 8 feet, a 1.5” hole yields a 12 ft
throw, a 2.0” hole yields 15 ft throw, a 2.5” hole yields
19 ft throw, and a 3.0” hole yields a 23 ft throw.  If the
exit speed is greater or less than 1,200 ft/m, throw
distances will also change.

The total number of punched holes is determined by
dividing the total area needed to achieve an air exit
speed of about 1,200 ft/m by the area of the chosen
diameter hole. The spacing between holes is
determined by the length of the tube.  If the holes are
located in pairs with one on each side of the tube, the
total length of the tube is then divided by half the
total number of holes to yield the interval between
each pair of holes.
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There is no need to have a hole punched for each
stall.  As the air exits the tube, it begins to slow and
disperse wider and more slowly.  However, the holes
can become too widely spaced and the holes should
be spaced no further that the width of two pens.

The clock position of the holes on the tube controls
the direction of the air flow toward the pens.  The
goal is to force a small amount of air into the
environment of the calf, yet not create a draft. In
general, the further the tube is mounted above the
floor, the more nearly vertical the hole position
should be.  For example, if the bottom of the tube is
more than 10 ft high, 5:00 and 7:00 o’clock sites may
be preferred.  If the bottom of the tube is 8 ft above
the floor, the 4:00 and 8:00 o’clock locations might be
preferred.

These positive pressure systems are complementary
to natural and negative pressure systems that may
become predominant as the temperature increases.
Curtains should be opened normally or if negative
pressure systems are present, the fans should be
activated with thermostats and additional inlets
opened as normal.

Supporting the Tubes for Protection from Wind
Damage
The tubes are usually clipped to a cable stretched
between the end walls of the building. The tubes
sometimes are sometimes buffeted by winds in the
summer when sidewall curtains are down.  There are
several approaches to address this problem.  First,
manufacturers of higher quality tubes supply more
durable fabrics and also offer suspension systems
using two cables and durable clips to the cables.
Alternatively, supplemental support can be provided
with “freezer strips” or bands of heavy plastic spaced
approximately every 6 ft to cradle the plastic tube.
Third, the ducts can be installed up within the truss
structure which removes the tube from some of the
the direct force of prevailing winds.  Finally, some
installations of larger diameter polyvinylchloride
pipe have been completed.  While these materials are
more expensive than flexible polyethylene tubing,
they will withstand wind forces better. When using
pipe ducts, the holes need to be drilled manually into
the pipe.

SUMMARY
The last several years of research and clinical
experience in calf barns have suggested that
traditional systems of ventilation, both natural and
negative-pressure mechanical systems, are
problematic in cold weather.  Individual pen designs
should have two solid sides, but the front and rear
should be as open as possible.  Thermal stress should
be managed by providing deep, long straw bedding

and not by enclosing the pen.  Air hygiene can be
improved in most situations by supplemental
positive pressure ventilation systems to deliver very
small amounts of air to each pen. Implementation of
these recommendations can produce calf barns that
appear to equal calf hutches in terms of minimizing
disease and provide better working conditions for the
caregivers.
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ABSTRACT
Field studies of transition cow management using
Transition Cow IndexTM as the outcome variable
have shown that housing constraints related to cow
comfort are the major risk factors for fresh cow health
in freestall dairies today.  Key factors to improve
fresh cow health are provision of sufficient bunk
space so that all transition cows can eat
simultaneously, provision of soft bedded surfaces for
standing and resting, and sizing of stalls and packs to
facilitate the motions of lying and rising for large,
mature cows, and minimizing social stress or the
need to establish social rank during the prepartum
period. Provision of these conditions allows
caregivers to screen for fresh cows that need attention
in the most effective way.

INTRODUCTION
The phrase widely attributed to the management
writer Peter Drucker, “If you can’t measure it, you
can’t manage it” seems to have been especially
pertinent to the development of our transition cow
management advisory programs.  Looking back, the
development of the measurement tool Transition
Cow IndexTM (TCI)13 has made possible our studies
of transition cow management in the world of
commercial dairies.  It has allowed us to evaluate
associations between housing systems and fresh cow
health that are not financially possible for research
institutions.  Prior to our use of TCI, our clinical
group would investigate complaints of “too many
DA’s, deads, RP’s, etc” using primarily ration
analysis techniques.  Essentially, we were
investigating poorly defined problems using very
narrowly focused tools.

Our approach began to change following a field
survey using TCI which we conducted in 2005. We
surveyed the transition management practices of 50
Wisconsin freestall herds with an average size of
approximately 600 cows.  The herds represented a
stratified random selection of herd average TCI
values; meaning that equivalent numbers of herds
were selected from each TCI category, i.e., <-1,500, -
1,500 to -500, -500 to +500, etc.  Another field study of
transition cow management practices was conducted
in 22 open lot dairies in the Southwest USA in the
summer of 2009.  From these surveys, a modest
number of management practices have emerged as
associated with improved herd TCI scores.

Knowledge of these key transition management
practices has informed our investigation services, our
education programs for veterinarians and veterinary
students, and an ever-increasing planning service for
dairies as they construct new facilities.

The key factors associated with improved herd
average TCI scores relate to provision of sufficient
bunk space so that transition cows can eat
simultaneously when fresh feed is delivered,
minimizing social stress or the need to establish
social rank during the prepartum period, increasing
cow comfort with deeply bedded stalls or packs and
provision of ample space to lie down, and an
effective process to promptly detect fresh cows in
need of medical attention.

While ration formulations remain a part of our
investigation services, variation in dry cow and close-
up ration formulations in our survey work has not
been associated with herd TCI averages.  It would be
a mistake to infer that ration formulations do not
matter.  Rather, it may be that the ration formulation
services provided to larger herds are generally of
good quality and variation between well formulated
transition rations is not a major determinant of
overall transition success in our industry today.

BUNK SPACE
Sufficient space at the feeding fence for all transition
cows to eat simultaneously appears to be the most
important determinant of transition cow performance
in our current industry.  In very practical terms, we
are recommending a minimum of 30 in of bunk space
per Holstein cow in pre-fresh and post-fresh pens for
a 90-min period after fresh feed is delivered and after
every milking.  A discussion of the studies that
support this recommendation has been presented
previously14.

To determine feeding space/cow, it is important to
focus on length of bunk as opposed to counting self-
locking stanchions or headlocks. Headlocks come in a
number of widths including 24, 27, and 30 inch
intervals between each unit. Our video studies show
that lactating Holstein cows fill a row of 24 in
headlocks to a maximum of 80% at peak feeding
periods.  This 80% maximal fill rate occurred in two
and three row pens, each with various stall stocking
densities, suggesting that the finding was
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independent of the number of cows per headlock.
Converting these numbers, it suggests that lactating
Holstein cows will voluntarily fill a bunk at a spacing
of one cow per 30 inches. It is likely that pregnant
prepartum cows would take even more space than
lactating cows.

These recommendations for 30 in of space assume
that the pens are equipped with lockups or other
vertical dividers between feeding spaces.  If the cows
are fed at a post-and-rail feeder, additional space
should be provided as dominant cows appear to clear
subordinates sooner in these situations8.

While we focus the most attention on bunk space in
the close-up and fresh pens, the actual number of
cows in these pens usually changes every day.  If
cows are transferred into the close up pen on a
weekly basis, and if cows move to calving pens on a
daily basis, there will be wide weekly swings in the
number of cows in the pen.  The opposite dynamics
characterize the fresh pens.  In addition, there will
usually be seasonal changes in stocking pressure that
track seasonal infertility and recovery by 10 months.
Because of these pen dynamics, it is more useful to
focus on the longer term capacity of the pens.

The traditional approach to sizing close up and fresh
pens is to calculate the average number of calvings
per week by dividing the total number of calvings in
the past year by 52 weeks per year. Then the average
number of calvings/wk is multiplied by the target
number of weeks in the pen.  For example, if a dairy
has an average of 20 calvings per week and the
planned duration of stay in the close up pen is 3
weeks, most planning manuals suggest that the close
up pen should be designed to house 60 cows.  By
definition, pens designed in this manner are
overstocked half of the time.

We prefer to build special needs pens to
accommodate the surges in numbers of special needs
cows.  Based upon a review of a number of
Midwestern herd records, we have recommended
sizing close-up and fresh pens for 140% of the
average number of calvings.  In the example from the
paragraph above, we would recommend provision of
not 60, but 84 stalls in the prefresh pen with an
available bunk that is 240 feet in length.  Sizing these
pens on this basis will mean that these pens are
overstocked less than 10% of the time.  There are also
times when pens sized on this basis appear to be
substantially understocked, or as some would say,
“grossly overbuilt”.  Our estimations of the impact of
this practice suggest that this makes economic sense.
Each stall and headlock in a prefresh pen has an
impact on the start of somewhere between 10 to 15
lactations each year.  Because of the multiplier effect

on the start of the lactation of so many cows, it is
critical that these facilities are excellent and available
to all cows.

PEN MOVES AND SOCIAL STRESS VERSUS
STABLE SOCIAL GROUPS
Each pen move requires that a cow familiarize herself
with the surroundings, as well movement into a new
social group also creates stress as the cow establishes
rank within the group9. The first 2 days after entry
into a new social group are characterized by a
dramatic increase in the number of agonistic
interactions, most of them physical11. If no additional
new cows enter the pen, the group becomes relatively
stable. More recent work with mid-lactation cows
has shown reduced time spent eating, increased feed
evictions, and reduced milk yield following a pen
move19. Minimizing the number of regroupings
through the transition period is consistent with
successful transition programs. In most situations,
steps to reduce any moves will result in improved
transition performance.

A concept of a social turmoil profile of a pen has been
described14. In pens where cows enter at intermittent
intervals, like a week or more, extended stays in such
pens are considered more desirable than in pens with
entries and departures every day.  Daily entry pens
are considered to be in constant social turmoil and
every effort should be made to minimize the time
that prepartum cows spend in these pens.

Cows are social animals. Isolation from the herd
creates stress for a cow and separating a single cow
into a separate calving pen for more than a couple of
days appears to be a practice with high risks for fresh
cow health.

Dry and Close-Up Pens
The traditional close-up pen is based upon cows
entering the pen approximately 3 weeks prior to due
date. For reasons of convenience, cows are separated
from the far-day pen and moved to the close-up pen
once or twice each week.  In some systems, the cows
deliver their calves in the close up pen, while in other
systems they are removed to calving pens at various
times relative to delivery.

Studies on the effect of the number of cows moved at
one time have been conducted.  Generally, movement
of single animals should be avoided as it is believed
that familiarity and social bonds among 3 to 5 moved
animals may reduce the social stress of integrating
within a larger group17.  Sowerby and Polan did not
find significant production differences between
groups where between 2 and 14% of the cows were
transferred at one time between lactating groups16.
For reasons of both increased numbers of transferred
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cows and a decreased proportion of high turmoil
days, a weekly move policy would appear to be
preferable to more frequent entries.

Regardless of the frequency of new cow additions in
our traditional close-up pen, each cow remains in a
dynamic social system for a period of several weeks
before calving.  New arrivals tend to be involved in
more agonistic interactions than the current residents
of the pen. Brakel and Leis showed that during the
first day after regrouping, the average moved cow
was involved approximately double the rate agonistic
interactions of the resident cows in the pen2. Moved
cows will tend to maintain their rank relative to the
other cows that were moved15, but occupy a low rank
with respect to the resident cows, even first-lactation,
that already occupy the pen. However, the situation
is sometimes more complex. Hook observed a
complete reversal of the social rank of a group of six
heifers with the removal of the high rank individual
and the simultaneous introduction of a new heifer10.

As we began applying these concepts to transition
cow management, we proposed that the optimal
transition cow pens would be based upon an all-in
pen where a cohort of cows due to calve within a
short period of time, such as a 7 to 14 day window,
are assembled with no further additions through the
calving process4, 14.  The stable social group could be
assembled at the time of the traditional close-up
period of 3 weeks prior to calving date, or the groups
could be assembled at dry off.  In either system,
social rank would be established in the first days
after the group is assembled, but would be followed
by relatively less turmoil in the weeks that precede
calving.  Depending on the planned duration of the
dry period, there could be 4 or more separate cohorts
of dry cows in the series of stable group pens.  The
usual policy would be to periodically move entire
pens of cohorts intact into the next pen in order to
keep the cows near due date in a location proximal to
the calf delivery facilities.

Establishment of stable groups at the time of dry off
appears to bring with it several benefits.  First, the
group is established long before calving date and
even cows that deliver their calf a week or two
prematurely are well established in a stable situation.
Second, it eliminates the additional lockup of dry
cows and removal of close up cows from that group.
Third, monitoring dry matter intakes of close-up pens
becomes more meaningful when the cows within
each pen are stable in numbers and stage of
pregnancy.

In practical terms, even though there is an attempt to
develop stable groups at dry off, it is typical to need
to make some modest number of transfers between
pens.  Individual cows may be dried off early or late
and may need to be transferred into a pen with
cohorts more likely to calve at a similar time.
Likewise, as the cows deliver and are transferred out
to the fresh cow pen, there will ultimately be a
situation where there is a single cows remaining.  It is
generally viewed as preferable to merge them with
the next cohort of cows when two remain in the pen.

Calving Pens
Calving pens can refer to either a pen to which a cow
is moved hours before delivering her calf or it could
be a close-up pen where cows enter several weeks
before their anticipated calving date and deliver the
calf within the pen.  If the calving pen has a stable
social structure (no additions), extended stays are
fine.  If new cows are continually being added, we
recommend that the duration of stay be limited to 48
hr maximum. Clinical data from field investigations
by the Food Animal Production Medicine group at
the University of Wisconsin show dramatic increases
in ketosis and displaced abomasums and early
lactation culling of cows that stay 3-10 d in daily-
entry group calving pens14.  When cows are moved
to calving pens on a daily basis, they should be
selected carefully so that minimal numbers spend
more than 48 hr in these high turmoil pens.

It has become common to move cows to calving pens
when the feet or head of the calf are showing.
Moving cows to calving pens once calving has begun,
commonly called “just in time” calving, effectively
minimizes the time in high turmoil pens, but presents
a new set of challenges.  First, it requires round-the-
clock labor to check and move cows. Freestall pens
can be designed to facilitate this practice with the
construction of two-row head-to-tail arrangements of
the stall rows. With the tails of all cows visible from
the central feed alley, the observer can monitor each
cow without walking through and disrupting the
pen.  Second, workers must be monitored carefully in
that they should not move cows into calving pens too
early.  In a report on moving cows when parturition
was imminent3, cows that were moved when in labor
but with only mucus showing had 2.5 times the rate
of stillbirths as cows that were moved when the calf’s
feet or head were showing.  When the close-up cows
are in freestalls, there is a tendency of laborers to
move cows into calving pens too early. By moving
cows into the pens early, fewer calves are born into
the alleys and workers can avoid soiling their
clothing when picking up slurry-covered calves.  This
tension between worker convenience and calf health
needs to be monitored and managed in these “just in
time” calving systems.
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Isolation pens, i.e., box stalls would appear to
minimize social turmoil, but cows are social animals
and separation from the herd is usually a stressful
experience.  If cows are moved to individual box
stalls for calving, the duration of stay should be
limited to a matter of a few hours.

SURFACE CUSHION IN STALLS, PACKS, AND
UNDER SHADES
A loose, deeply bedded surface has emerged in our
field studies as a major factor for improving fresh
cow TCI scores.  In freestall herds, sand based stalls
were associated with more than a 1,000 lb TCI
advantage over herds with mattress freestalls.
Similarly, depth of loose bedding under shades
emerged as a risk factor affecting herd average TCI
scores in open lot dairies.

There is increasing evidence that locomotion scores
increase for a substantial proportion of transition
cows20 and physiological mechanisms have been
proposed where the same physiological changes that
are associated with the loosening of the pelvis to
accommodate parturition also relax the suspensory
apparatus of the digit in the hoof18.  The study of
sand and mattress freestalls by Cook et al5 showed
that cows with elevated locomotion scores change
their behavior on mattress stalls, but not on sand, and
may explain the substantial improvement in fresh
cow performance on sand surfaces.

Any deep, loose surface will be an improvement over
a hard surface. Mattresses covered with modest
quantities of shavings or other materials are viewed
as average, and any stall surface such as concrete or
other firm packed materials covered with modest
bedding should be considered a high risk to
successful transitions.

AMPLY SIZED FREESTALLS, PACKS, AND
SHADES
A deeply bedded pack is probably the preferred
housing for close-up cows in confinement housing.
The guideline of 100 sq ft of space/cow1 includes the
bedded area only and assumes that cows have access
to an external feeding alley or outside lot. If the
feeding area is continuous with the bedded pack, the
space should provide a minimum of 120 sq ft/cow
with good bedding covering most of the area. The
pack should be sized to accommodate surges in cow
numbers as discussed in the section on bunk space
above.

Prepartum freestalls, in particular, need to
accommodate the ample dimensions of pregnant
cows and allow for some clumsiness in their rising
and lying motions.  Stalls for prepartum Holsteins
and Jerseys should be at least 50 and 45 in wide

respectively6.  Length is the distance between the
outer corner of the rear curb to the point where the
stall surface touches the brisket locator.  If there is no
brisket locator, the total stall length is the stall resting
length.  This distance should be greater than 70 and
63 in for Holstein and Jersey cows respectively.
Appropriate dimensions have been developed for
cows of other breeds and various sizes6, 12.

Evaluating the potential for lunge, bob, and rise should
reflect assessments of 3 separate items in a freestall: a
brisket locator that does not restrict rising motions
including the forward swing of the front foot,
freedom from impediments to the forward lunge of
the head and shoulder, absence of bob zone
obstructions, and the neck rail being sufficiently high
and forward6, 12.  For a stall to be considered low risk
for Holstein cows, the total stall length should be at
least 9 ft long with no obstructions to forward lunge
and bob.  If the stall is less than 9 ft, but the lower
side rail is 11 in above the stall bed or less, it should
allow side lunging and is considered an average risk
for transition cows.  If the stall is less than 8 ft and
has obstructions to side lunging, such as lower
divider rails greater than 13 in above the stall bed,
the stalls present major risks to successful transition
performance.  Finally, the neck rail should be
approximately 48-50 in above the stall surface.

In open lot dairies, transition cow facilities should
provide at least 45 square feet of shade per cow with
loose bedding at least 3 inches deep below the shade.

EFFECTIVE SCREENING PROGRAM FOR COWS
NEEDING ATTENTION
While difficult to assess, the primary determinant of
the fresh cow screening and treatment program is the
quality of the people and how much they care for the
cows.  Facilities that allow easy restraint without
exciting the cows is also critical to these programs.

The optimal screening programs appear to use some
form of appetite assessment. The practices of the
herdspersons of the elite transition programs in our
survey study were remarkably similar: delivery of
fresh TMR while fresh cows were being milked,
palpation of udders for fullness while being milked,
observation of cow demeanor as the cows returned to
the pen, i.e., does she go to feedbunk or does she lie
down, and an assessment of appetite and attitude.
Beyond process, the herdspersons in the elite herds
knew and cared about the fresh cows under their
watch. Effective screening requires both special
people and facilities. 

Back to the bunk space issue, it requires sufficient
feeding space for all cows to eat simultaneously.
Cows that do not lock-up, or cows that lock-up with
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suppressed appetite or signs of depression were
examined. Other examination procedures including
rectal temperature, observations for vaginal
discharge, ketosis, displaced abomasum, lung
sounds, etc., were conducted when primary
assessments indicated further evaluation.

While formal screening programs in lockups for fresh
cows are a desirable practice, the procedure needs to
be efficient and not interfere significantly with the
daily time-budget of the fresh cows.  Screening
procedures that lock cows up for a period of 1 hr or
less/d are considered optimal.  While cows are quite
capable of compensating for a 1-2 hr change in
routine, if lock-up is prolonged and in association
with other stressors, such as overstocking, then the
ability of the cow to compensate and catch-up on
lying time may be exceeded. Cooper et al. showed
that when cows were deprived of lying for 2-4 h/d,
they only managed to recover approximately 40% of
the lost lying time by 40 hr after the deprivation7.
Extended lockup time adds substantially to the
stresses of transition.

The location of the screening procedures has a
substantial impact on the time constraints.  If the
cows have access to feed while being examined,
feeding and the screening can proceed almost
simultaneously.  Screening time at a palpation rail, for
example, must be weighted as riskier than equivalent
time in lockups over feed.

This antagonism between holding time and the
thoroughness of the screening procedure puts some
severe constraints on the fresh pen.  

DISCLAIMER
Obviously, this paper does not provide a
comprehensive listing of risk factors for transition
cows. However, the risk factors presented here are
considered to be common problems in today’s
intensively managed dairies and virtually all dairies
will realize improved fresh cow health if they correct
deficits in the areas discussed in this paper.
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Introduction
There is mounting empirical evidence that measures of
behavior can be used to predict and identify health
and welfare concerns in dairy cattle (von Keyserlingk
et al., 2009). Interest in the association between dairy
cow behavior and illness is growing, particularly with
an increasing availability of commercially available
equipment that is readily available for the automated
monitoring of dairy cow behavior. These technologies
provide ready access to vast quantities of accurate and
repeatable measures of behavior. Thus, with such
technologies, there are new opportunities for the
automation detection (through identification and
prediction) of health concerns in dairy cattle,
potentially allowing for better prevention and
treatment protocols to be implemented. 
Recent publications have reported on changes in
behavior associated with various health issues,
including metabolic and infectious disease, lameness,
and mastitis; these health issues not only pose
immediate welfare concerns to dairy cattle, but can
also affect efficiency and productivity. This paper will
review a few examples of how various cow behaviors
have been associated with various illnesses, and how
these associations may be used to make assessments
and improvements in dairy feeding, housing, and
management.

Acidosis and Rumination Behavior
In dairy cattle, the rumen environment is designed to
function optimally within a pH range of 6.2 to 7.2.
When ruminants consume excessive amounts of
rapidly fermentable (non-fiber) carbohydrates,
combined with low intake of physically-effective
neutral detergent fiber (NDF), cows are not able to
maximize their rumination time and salivary buffer
flow to the rumen, and thus ruminal pH drops below
normal physiological levels. Sub-optimal ruminal pH
(e.g., pH 5.2 to 5.8) is often referred to as sub-acute
ruminal acidosis (SARA) (Owens et al., 1998). Rumen
pH < 5.8 is harmful to ruminal cellulolytic bacteria
(Russell and Wilson, 1996) and, thus, SARA is
detrimental to fiber digestibility. As result, dairy cattle
with SARA are less productive because of poor feed
efficiency, reduced feed digestibility and protein
synthesis, reduced milk fat, inconsistent dry matter
intake (DMI), as well as face increased incidence of
diseases, including diarrhoea, ruminal ulcers,

parakeratosis, liver abscess, and laminitis (Krause and
Oetzel, 2006; Plaizier et al., 2008). One of the major
concerns with SARA is the lack of specific clinical
symptoms. Symptoms that are identifiable, such as a
depression of DMI (Plaizier et al., 2008), are difficult to
detect in animals that are group-fed. Many dairy
nutritionists traditionally consider a dairy herd to have
healthy rumen function when at least 40% of the cows
are ruminating at any given time (Eastridge, 2000). We
recently provided experimental evidence supporting
this guideline; in a group of healthy cows, on average,
40% were ruminating at times of the day when
rumination behavior was expected (Figure 1a; DeVries
et al., 2009). Alternatively, 10% fewer cows were
ruminating during these peak rumination times when
an acidosis event was occurring (Figure 1b). However,
we were not able to detect suboptimal rumen function
(i.e. a herd-level acidosis event) using this criterion if
only a single observation of a herd was undertaken.
Rather, to detect a herd-level acidosis event greater
than 48 individual observations would be required to
accurately estimate the percentage of cows ruminating
within a herd. Such a task may appear onerous,
however, new technologies that allow for the objective
and repeatable automatic capture of behavior are
becoming available. An example of this is an electronic
rumination monitoring system, which was recently
validated by Schirmann et al. (2009); such a system
would allow for easy detection of changes in both the
individual cow, as well as herd rumen health, and thus
allow for the detection of a bout of acidosis.

Metabolic and Infectious Disease and Feeding
Behavior
During the transition period dairy cows are vulnerable
to metabolic and infectious diseases. Researchers have
shown that cows diagnosed with acute metritis after
calving spent less time feeding during the prepartum
period (d –12 to –2 prior to calving; Urton et al., 2005).
In a follow-up study, Huzzey et al. (2007) monitored
individual feeding time and dry matter intake (DMI)
using a larger sample size of cows and also monitored
individual-cow DMI. Cows diagnosed with severe
metritis 7-9 d postpartum consumed less feed and
spent less time at the feed bunk during the 2 wk
period before calving, nearly 3 wk before the
observation of clinical signs of infection. Moreover,
during the week before calving cows were 1.7 times
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more likely to be diagnosed with severe metritis for
every 10 min decrease in feeding time. For every 1 kg
decrease in DMI during this period, cows were also
nearly 3 times more likely to be diagnosed with severe
metritis. Recent work showed similar findings with
cows that developed subclinical ketosis (SCK;
Goldhawk et al., 2009).  Cows diagnosed with SCK
during the week after calving showed differences in
feeding behavior and DMI as early as 1 wk before
calving.  Not only was DMI reduced pre partum, but
SCK animals also initiated fewer displacements at the
feed bunk during the week before calving. This is
similar to the findings of Huzzey et al. (2007) where
cows diagnosed with metritis engaged in fewer
aggressive interactions at the feedbunk during peak
feeding periods, resulting in lower DMI, particularly
during peak feeding times. These results indicate that
those cows at risk metritis and SCK may be identified
through their feeding behavior patterns already 1-2
weeks prior to calving. Further, some of these at risk
animals that we were able to identify by their daily
and diurnal feeding activity patterns can also be
identified by their failure to compete at the feed bunk
during periods of peak feeding activity. 

Mastitis and Standing Behavior
In addition to feeding related behaviors, standing and
lying behavior patterns of lactating cows may be
related to health concerns. One such behavior is the
amount of time cows spend standing following
milking. The common belief is that the longer the
animal stands after milking, the lower the risk for
bacterial penetration of the teat orifice when the cow
eventually lies down, and thus lower risk of mastitis.
Availability of fresh feed following the return from
milking has been used to encourage cows to remain
standing (while feeding) rather than to lie down. It is
well established that the presence of fresh feed in the
bunk encourages longer post-milking standing times
(DeVries and von Keyserlingk, 2005). In a recent study
we found that the provision of feed around milking
time resulted in the longest post-milking standing
times (DeVries et al., 2010). Further, this was the first
study to document how post-milking standing time
relates to the risk of subclinical udder infection; cows
that lay down, on average, for the first time 40 to 60
min after milking tended to have lower odds of a new
subclinical udder infection caused by environmental
bacteria compared to cows that lay down within 40
min after milking (Figure 2). However, we also found
that cows with post-milking standing times much
greater than 60 min had increased odds of acquiring a
new environmental subclinical infection. We
speculated that the increased susceptibility to infection
in cows that stood for more than an hour may be the
result of increased teat bacterial penetrability caused
by pressure created by accumulation of milk within
the teat and gland sinuses. Overall, these results

suggest that management practices that discourage
cows from lying down immediately after milking,
such as providing fresh feed frequently through the
day (near the time of milking) may help decrease the
risk of subclinical mastitis.  However, we also caution
producers to be on the “lookout” of cows that stand
for extended periods of time following milking, as
they too may be a greater risk of udder infection.

Lameness and Standing Behavior
Another health concern that has been related to the
standing and lying behavior of dairy cattle is
lameness. Proudfoot et al. (2010) recently
demonstrated that cows that developed sole lesions
and ulcers in mid-lactation stood for longer periods of
time during the 2 weeks prior and 24 hour after
calving compared to those cows that retained good
hoof health during that time period. Interestingly,
these researchers were able to determine where those
cows that developed sole lesions and ulcers were
spending more time standing during those time
periods. Cows that developed sole lesions and ulcers
spent more time “perching” half way in the stall
compared to healthy cows before calving, while
spending the same amount of time standing in all
other parts of the pen. Such a behavioral indicator can,
thus, not only allow producers to identify those cows
that may be at risk or experiencing lameness, but also
identify housing design and management strategies
that minimize such behavioral patterns (for example,
moving the free-stall neck rail forward from the curb
and higher from the stall base; Tucker et al., 2005), and
thus reduce the overall risk of lameness in the herd. 

Conclusions
This review has outlined how common diseases like
subclinical ketosis, metritis, sub-acute ruminal
acidosis, mastitis, and lameness can be better
identified and predicted in dairy cattle through
observations of cow behavior. It is anticipated that
through monitoring of such behavior, particularly with
aid of automation, those cows at risk or experiencing
illness can be identified. This, in turn, will allow
producers to identify and implement prevention and
treatment protocols at earlier time points.
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Figure 1.
Percentage of cows ruminating during (a) a baseline
period and during (b) the 24 h following an acidosis
challenge (d-1 post challenge) for cows at high

and low risk for ruminal acidosis
(adapted from DeVries et al., 2009)

Figure 2.
Adjusted estimates of the odds of acquiring a new
environmental subclinical udder infection across

average post-milking standing time (solid line) with
90% (dashed lines), and 95% (dotted lines) confidence

limits (adapted from DeVries et al., 2010).
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Take Home Messages:
• Success always starts with covering the basics
first.

• Respiratory problems are common with
inadequate bedding and ventilation.

• Calves consume more total liquid so additional
bedding is necessary to keep calves dry and to
avoid respiratory problems.

• With proper management, nutrition and
ventilation; automated calf feeding systems
provide a labor-saving method to raise calves
while addressing animal well being concerns.

In recent years, use of automated calf feeding systems
for feeding pre-weaned calves has increased. However,
challenges have arisen with respiratory problems in
some housing systems. The question is: Are there more
problems with calves fed with an automated calf
feeding system and if so, why? Respiratory infections
in pre-weaned calves have always been a problem for
calves raised in confinement. This problem led to
widespread use of calf hutches for housing calves. But
even with better ventilation of calf hutches, we still
observe respiratory problems. 

C1 +C2 + C3 + C4 + C5 = Calf raising success

Where C1 is colostrum, C2 is calories, C3 is cleanliness, C4 is
comfort and C5 is consistency.

While not rocket science, Dr. Sheila McGuirk’s (7)
formula for calf raising success covers the basics very
well. If we are having high disease rates and death loss
in calves raised on automated calf feeding systems,
which of the C’s is being compromised? Certainly, each
of the 5 C’s should be examined. If calves are receiving
more than adequate amounts of quality colostrum with
good passive transfer, we must consider the other four
C’s. With an automated feeder system, calf raisers can
easily feed more than the traditional pound or pound
and a quarter milk solids in four quarts daily; with
many feeding up to 1.5 lbs of milk solids in 6-8
feedings per day. This can be done with either milk
replacer or pasteurized waste milk providing the
calories and other nutrients needed. The automated
calf feeding system is also very consistent, being
available as often as the calf wants, when the calf
wants. 

This leaves us with cleanliness and comfort. Typically,
we think of cleanliness with regards to clean pails,
clean water, clean nipples, clean calving pens and clean
feed. We also must consider clean air, i.e. ventilation.
Think of ventilation or air as A.I.R. – Adequate,
Incoming and Removal. This can be a challenge in
naturally ventilated calf buildings. Naturally ventilated
buildings rely on outside air currents, side openings,
and convection air currents within a building (8,9).
Calves, being small, do not generate a lot of body heat
which limits convection air currents. Thus, we have
very little mixing of air in a building and potentially
minimal exchange of air from the building, which can
lead to buildup of ammonia and humidity.

Comfort is a little more difficult to define exactly. How
do we define comfort to a calf? Is it like cow comfort?
With cows, we want a comfortable lying space. One
that is soft and dry, adequate size to not cause bruising,
easy to get up and down, large enough to stretch out,
walking surfaces to minimize lameness and methods of
heat abatement. Yes, it is like cow comfort. But how we
accomplish it might be different. There are two keys to
calf comfort: soft and dry bed and ventilation. Calves
will spend anywhere from 75% or more of the time
lying down (6). That is at least 18 hours or more per
day. How many calves do you see lying down when
you enter the calf facilities? For maximum lying time,
calves need depth so moisture soaks away and so they
can nest. Nesting is crucial in cold temperatures to
conserve body heat. Calves have a large body surface
to body weight ratio and so are prone to lose body heat
in colder temperatures. This is especially true if calves
are wet since they are low in body fat as well. 

Wet bedding brings another potential problem:
Production of ammonia at the bedding surface, which
is also the calf level. The combination of urine, manure
and bedding leads to release of ammonia. Ammonia
levels above 5ppm at the calf nose level are harmful to
a calf (6). Dewes and Goodall (4) from New Zealand
examined two farms experiencing death loss >10% in
calves. High concentrations of ammonia were found in
urine soaked bedding. Respiratory problems were
common and lung disease did not respond to
antibiotics. A histopathological diagnosis of sub-acute
purulent pneumonia with distal necrotizing
bronchiolitis was made. Lung lesions were similar to
experimentally induced lesions in cats and rabbits
exposed to ammonia gas.
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Using Automated Calf Feeders
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The potential for this problem to occur is greater if
calves are consuming greater amounts of liquid daily.
Typically, calves fed by an automatic feeder are fed
greater amounts of liquid and solids per animal per
day. Free choice consumption of water increases with
greater solids intake (5). Additional water for calves fed
an accelerated milk replacer is critical for this reason. A
high percentage of water consumed returns to the calf
environment either as urination, respiration and a little
as perspiration (1). When a calf is young and only
drinking milk, we estimate 80% of liquid consumed
will be excreted as urine. When a calf begins to
consume dry grain and hay, a greater proportion of
water is excreted in the feces and less in the urine.
Water restriction at this time will increase the
concentration of urine. If access to water is severely
restricted, calves will decrease dry matter intake to
reduce water needed for fecal output to maintain a
minimum urine volume. Priority is partitioned to
maintaining intracellular and extracellular water
volumes and osmolality. Respiratory loss of water
increases as the calf matures and for heat abatement (1).

Areas of a pen around the feeder and water fountain
are usually wetter and prone to ammonia production.
Because of this, it is critical to have adequate amounts
of bedding and >30 sq. ft. /calf which allows a calf to
choose where it will lie down. Amounts of bedding
used/ calf/ day will vary between farms. Average
calculated amounts of one pound of shavings/calf/day
have been reported (3). This amount is insufficient to
absorb the amount of urine produced. The type of base
will affect bedding needs as well as amount of bedding
initially put down in the pen. Many successful calf
raisers will initially put down 20-25lbs of bedding or
combination of bedding per calf whether in hutches or
group pens and follow with an average of 2-3lbs of
new bedding per day (10). These amounts provide a
good base of bedding to soak up liquid, and provide
insulation from a cold surface as well as depth for
nesting in cold weather. 

What kind of bedding is best? There are a wide variety
of bedding materials; some have greater water
absorbing potential than others which means you need
to use more of some for the same effect. (Table 1.)
However, the amount used is more important than the
specific material used. Wet or dirty knees, hocks or legs
indicate insufficient amounts or not bedding often
enough. In cold weather, you need to use some kind of
straw alone or in combination with shavings to allow
for nesting. 

In conclusion, successful calf rearing is dependent on
achieving high performance of many variables. Critical
among these are sufficient bedding amounts to
eliminate heat loss in cold weather from wet bedding
or lack of nesting; preventing excess ammonia

production in wet bedding; air exchange rates to
remove humidity, ammonia, and odor; nutrition for
growth and starting with good colostrum management.
If the 5 C’s are optimal at all times, successful calf
raising can be accomplished in hutches, individual
pens or in group pens with automated feeder systems.
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Water Absorption of Bedding Materials
Table 1.

Material Pounds of  Water Absorbed
Per 100 lbs. of Dry Bedding

Sawdust (top quality pine) 250
(run-of-the-mill hardwood) 150

Wood shavings (top quality pine) 300
(run-of-the-mill hardwood) 150
Wood chips (top quality pine) 300
(run-of-the-mill hardwood) 150

Tree bark (dry, fine) 250
Wheat straw (long) 220

(chopped) 295
Oat straw (long) 280
(chopped) 375
Oat hulls 200

Corn stover (shredded) 250
Corncobs (crushed or ground) 210

Barley straw 210
Hay (mature, chopped) 300

Adapted from Antoniewicz. 2006. (2)
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Automated Calf Feeder Interview

Farm #1 Farm #2 Farm #3 Farm #4 Farm #5 Farm #6

Colostrum 
Feeding 

(How 
much, 
when, 
tested)

1st 2 feedings, most 
calves nurse 3 quarts 
from a bottle at the 

balance is tubed 
if they do not. 2nd 
feeding – as much 
as they want from 
bottle, not tubed. 

3rd feeding – on the 
automatic feeder.

1 gallon 
tubed, 
next 3 

feedings 
also

1 Gallon, 
bottle fed 

then tubed 
remaining. 

Additional 3 
feedings of 
colostrum.

ASAP 1 
gallon then 
followed by 
4 additional 

feedings. 

1 gallon 2nd 
feeding as 
Colostrum 
replacer.

4 qts asap 
upto 5 
hours.

IgG testing 
on calves?

TPP Spot checks on 
occasion, have been 
consistently over 5.0

No no no Yes 
occasionally no

Age that 
calves start 

on the 
feeder?

3rd feeding, all calves, 
only push about 10% 

to the feeder
5 to 7 days 5 to 7 days 4-5 days of 

age 5-7 days 7-10 days

Death loss 
(birth to 

weaning)?

1.2% (2 of 170), 1 
was near weaning 
– sudden death, 

1-rotavirus
2.5% 1% 1.5%

? This year 
was tough, 

brought 
in another 
source of 
cattle and 
had some 

3%

Treatment 
Rate 

(morbidity)?

Scours on 2 occasions 
– all calves in pen, 
were easy to treat, 

gave electrolytes but 
may not have needed 

to. No respiratory 
issues

<10% <4% <5%

10% had 
more 

treatment 
this winter 

due to 
incoming 
cattle and 
expansion.

15-20%

Which 
diseases? Scours Almost all 

respiratory respiratory Usually 
respiratory

Scours, 
Navel 

infections.
Mostly 

repsiratory.

Drugs 
used? Naxel – 2 days

1st 
Draxxin, 

2nd Baytril, 
3rd

baytril, 
Excenel and 
then draxxin

Mycotil + 
Banaimine,LA 

200
Lincomycin, Excenel & 
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Other 
products 

used 
(gammulin, 
vit. Shots, 

etc)?

none

Gammulin 
for the 1st 
10 days, 
Draxxin 

on the day 
they go to 
the feeder

Calf Pro NeoTerra
Lots of 

electrolytes. 
NeoTerra

Calf pro

Vaccination 
program?

Calf Guard, Bovine 
Equalizer C, no nasal 

vacc., Scourguard 
3KC on dry cows 

Inforce 3 
at birth, 

Bovishield 
5 one week 

preweaning, 
booster 3 

weeks later 
and One Shot 
at that time 

also

Inforce 3, 1 
to 2 weeks 

of age 
Bovishield, 
Once PMH

First 
Defense, 
Inforce 3

Bovishield 
Gold at 
8 weeks 
and then 

boostered. 
Alpha 7

Calf guard, 
Clostrialial 

Perf. 
Inforce 3

Age at 
weaning? 48 days 42 days 60 days  50 days 60 days 50-53 days

Average 
daily gain 
(birth to 

weaning)?
1.8 to 1.9 pounds 1.5 

pounds 1.87 2.5# 1.54 ?

Milk feeding 
(replacer, 

pasteurized, 
combination, 

% solids, 
etc.)?

22-20 Dex, BioMos 
(LOL Ampmax)

Pasteurized 
whole milk

Pasteurized 
whole milk 
with 25/15 
(Merricks/

Famo)

28/20 
(Merricks/

Famo)

Hi Pro 
22/20 

(Merricks/
Famo)

Pasteurized 
milk

Feeder 
Programming?

140 gram per liter, 
day 2=5 liters, 

gradual increase to 
7.5 liters at 13 days 
old, stay at 7.5 liters 

until day 34, decrease 
by ½ liter per day 

until weaning.

Days---S-
--F

14-4-8 
– 135 gr 
Whole 
milk

13-8-8 day 
2 SF 4
8-8-5
5 -5

135 grams 
per liter

160 Grams 
per liter, 

13 days 3.7- 
6.7

30 days 6.7-
6.7

2 days 6.7-3.2
5 days 3.2

160 grams/ 
liter

2 days 2.2 
7 days 2.2- 6
42 days 6-8

7 days 8- 2.5
2 days 2.5

5 days 4 L
7 days 6 L
34 days 8 
7 days 0L

Number of 
calves per 

nipple?

pen, Tim thinks this is 
important if you are 
starting them at the 
3rd feeding. Up to 30 
in the second pen. 

25 20 calves
25 

depending 
on calving 

cycle
20-28 calves 25 almost 

always
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Feeder 
Cleaning and 
Maintenance?

Change nipples daily 
and disinfect the area 

around the nipple, 
change hoses weekly

2 times 
per week

Daily of 
hoses and 
nipples, 
circuit 

cleaning 3 
times per 

week.

Circuit 
cleaning 
3 times 

per week, 
nipples daily

Twice daily 
and then 
circuit 1 
time per 

week.

Twice 
daily by 
machine, 
nipples in 
between 
groups/ 
complete 
sanitation 
daily on 

pasteurizer.

Dry Feed 
Program?

Famo custom 18% 
with low dose Aureo 
and bovatec, calves 

are offered free choice 
grass in both pens, 

allowed to eat up to 
9 pounds of grain 

which they do before 
weaning

Early Wean 
pellet (Form 

–A-Feed, 
25% CP) 

until they 
are eating 
½ pound. 

Transitioned 
to a 18% 

whole corn/
pellet

Famo 22% 
texturized 

starter

20% steamed 

texturized 
program

Texturized 
22% with 

steam 

18% 
whole 

corn pellet 
mix until 
calves are 
eating 4# 
head per 

day

Pen Size 
and 

Ventilation?

Starter pen – up to 
20 calves, 960 square 
feet, 48 sq. feet per 

calf
2nd pen, up to 30 

calves, 1350 sq feet, 
45 sq. feet per calf

Tube ventilated and 
exhaust fans. Well 

bedded – dry. 

52 x 16, 33.3 
square feet 

per calf, 

building, 
2 tubes 

running the 
length of the 

building, 
small 

exhaust fans 
that run 

continuously, 
large exhaust 

fans for 
summer

Tunnel 
ventilated. 
Fans on an 

outside wall 
also.  Pen 

size is 35x 40

35’ per calf.  
Naturely 

ventilated.

50 x 80
Curtain side 

walls.

32 x 26  
33.28 sq ft 

per calf

Calf 
Jackets 
Used? when cold

Calf 
jackets are 

used
Calf jackets 

are used yes yes no

Other 
Comments

Still need to manage 
calves and the feeder 

every day.
Calves are growing 
faster than they did 

in hutches. Computer 
will pick up sick 

calves one day sooner 
than people will. 

Like having 
the feeder

Need to 
move 

transition 
calves out 
faster than 
what they 
have been. 
Very happy 

with the 
feeder.

Positive 
pressure  

ventilation 
with 9 

mph air 
continously 

delivered 
from the 

tubes. 
Small 

exhaust 
fans runs 
all year 

long. Large 
fans in the 
summer
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Introduction:
Although relatively uncommon in the United States,
worldwide there were over 8000 automatic milking
system (AMS) units on over 2400 farms in 2008
(Reinmann, 2008).  However, over the past 5 years
there has been a rapid adoption in the use of AMS
throughout the Midwest.  We developed a
questionnaire and visited or conducted phone
interviews with over 30 farms using AMS systems in
the spring of 2011.  In addition to the questionnaire,
we observed barn design, cow behavior and scored a
random subset of cows for cleanliness, locomotion,
body condition and hock lesions.  A survey of
nutritionists working with these producers was also
conducted.  This article contains some of the
preliminary findings of the study.  More complete
information will be presented at the conference.  

Overview: 
In the upper Midwest we have been transitioning
from cows housed individually in tie stall barns to
group housing in free stall barns.  Automatic milking
systems allows us again to manage cows individually
as they have the ability to individually collect milk
production, milk conductivity, milk clarity, cow
activity and even individual cow rumination data.
This can be used by the herd manager to make
management decisions.

Just like a milking parlor, AMS have an ideal
throughput per day.  Below is a range of some of the
parameters to expect when an AMS is operating at
peak efficiency (per robot):
• 140-190 attachments (milkings) per 24 hour
period.  

• Average of 2.4-3.0 milkings/cow/day.  However,
dairy producers are able to dictate milkings/cow
for each cow every day.

• 4000-5500 lbs of milk/AMS/day.  This number
can be widely variable depending on milk
production per cow and other factors.  Several of
these will be discussed below. 

Like any successful dairy, the entire management
system must be considered if maximum performance
is desired.  Unlike a parlor system where cows are
herded to the milking center and milked whether
they like it or not, AMS must facilitate cows having a
good milking experience every time so she
voluntarily returns to be milked again.  Barn design,
feeding system, cow handling and manure systems

must all focus on making it easy and a good
experience for cows to be milked by the robot.  

Barn Design
There are generally two types of AMS barn designs.
These are free flow and guided flow.  In a free flow
system cows are allowed to travel anywhere in the
barn unimpeded and have free access to feeding,
resting and/or milking at all times.  In a guided
traffic system, a series of one way gates “guide” cows
through the robot when they want access to the
feeding or resting areas.  Another option with guided
traffic is when there are pre-selection gates that sort
out cows that are ready for milking and allowing the
remaining cows to proceed to the feeding area
without passing through the robot.  The most
common type of barn design in the upper Midwest is
free flow.

There is a wide variety of facilities that are
successfully being used with AMS.  Our survey
included retrofit tie stall barns, retrofit freestall barns,
bedded packs and brand new facilities designed for
robots.  There are also producers that are organic,
grazing and have outside lots.  Some producers are
using sand, but most are using mats/mattresses with
bedding.  Also most barns had either slatted floors or
automatic scrapers, but some still scraped alleys with
skid steers.  

Many factors must be considered in barn design.
Since cows need to be coerced into milking, anything
that makes visiting the AMS easier will improve
performance.  Here are some considerations in barn
design:

• Consider systems that minimize time in the
pens.  Most producers install automatic scrapers
or slats to eliminate having to go in the pen to
scrape.  However, some dairy producers we
interviewed scraped the barn with equipment.
They indicated that it took very little extra time
to scrape alleys compared to when they milked
in a parlor.

• Provide wide alleys and crossovers to allow easy
cow movement within the pens. 

• Highly visible well lit areas around the robot are
preferred.   

Robotic Milking: What Producers Have Learned
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UM Extension
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• Providing amenities such as water near the
entrance to the AMS are important to encourage
cows to visit that area.  One producer has extra
fans to provide cooling in the holding pen for
the AMS.

• Provide a large open area around the entrance to
the AMS unit.  This allows multiple cows to
stand in the area and enter the AMS as other
cows exit.  

• Provide protection at the exit of the milking unit.
This prevents dominant cows from intimidating
submissive cows and trying to enter the AMS
from the exit to clean up feed. 

• Do not move cows between pens.  This requires
social adjustment and cows will decrease visits
after moving.

• Consider designing a barn where all robots are
positioned so the cows enter them on their left or
right side.  Another alternative is to have both
right and left entrance robots in the same pen.
One study showed that 10% of cows had a
difficult time adjusting to entering on the
opposite side entry (Rodenburg, 2007).  

Nutrition and Feeding Management
General Feeding Strategies
One of the most important factors in making AMS
successful is ration balancing/nutrition management.
A commonly misunderstood concept is that cows
come to get milked when they feel pressure in their
udders.  In reality, cows are enticed to visit the robot
because of feed.  Therefore, it is very important that
feed presented in the AMS be very palatable so that
cows want to visit the robot.  This presents a mind set
change for many nutritionists.  In North America
traditionally we try and feed all the nutrients through
a total mixed ration (TMR).  With AMS the main
bunk contains a partially mixed ration (PMR) with
the remaining nutrients being fed through the robot.
A survey of 25 AMS herds in North America
indicated that they fed an average of 65% forage in
the diet.  Eleven of the 25 fed a forage percentage
between 48-60% in the TMR (de Jong et. al, 2003).

Our interviews confirmed that most producers are
feeding a pellet through the AMS.  A few producers
have tried both a meal and a pellet and believe that
pellets better entice cows to visit the robot and
promote better consumption.  In addition, we found
that generally herds feeding pellets had more
milkings per cow per day than those feeding a meal.
Most nutritionists are aware of the importance of
palatability and are including molasses or other
commercially available flavor enhancers in the pellet.
When the nutritionist develops a formulation that
works well for them, they tend to keep the
formulation of the pellet consistent and adjust the
bunk mix as the mix of forages or forage quality

changes.  Approximately half of the producers had
the ability to feed two different feeds through the
robot.  The preferred choice for the second feed was
roasted soybeans.  

Preliminary results indicate that most producers are
feeding a minimum of approximately 2 lb/cow/day
to a maximum of about 19 lbs/cow/day through the
AMS.

Feeding Strategies to Promote Good Cow Flow
When producers and nutritionists were asked the key
factors to getting good cow flow, all mentioned
highly palatable feed in AMS and limiting energy in
the PMR.  Many producers also mentioned feeding
strategies that promoted cows to stay active also
promoted good cow flow.  Methods that producers
tried to accomplish this varied and included: feeding
the PMR multiple times per day or pushing up on a
regular basis, feeding for low refusals, keeping
feeding times and forages consistent, feeding
excellent quality forages and cleaning bunks on a
regular basis.  

Why Producers Installed Robots
Producers had many reasons for installing robots.
The three most often mentioned reasons were:
• Time flexibility/improved lifestyle – Most
common reason by all producers

• Human health issues – some would be out of the
business with health issues if they had not
installed AMS units

• Labor management – either the desire to expand
without adding employees or the challenge with
hiring and managing labor

Other reasons included:
• Enjoyed cows, but no longer enjoyed the
monotony of milking

• More time for other activities such as cropping
or herd management

• Wanted to stay with latest technology 
• Better for cow health
• Similar cost to installing parlor in old barn

Labor Efficiency
Our survey results show that producers using AMS
systems averaged between 75 and 110 cows per full
time employee.  Many commented that although they
did save some labor the flexibility and type of labor
(management vs. milking) was the largest change.
Many producers that installed AMS reduced the
number of employees or increased cows with a
similar number of hours spent on the dairy.  
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Critical Management Factors
When asked about the management factors that were
most critical for success in an AMS system these were
the ones most often mentioned:
• Feeding management was mentioned by all
producers – finding a good nutritionist that is
willing to learn and work with the robots.  It is a
challenging task for nutritionists and dairy
producers to get the correct balance of a
palatable pellet and energy in the PMR that
promoted good production and cow flow.

• Cow health – Every management challenge is
magnified.  Cows that don’t transition well, are
lame, have acidosis or other diseases do not
attend the robots.  Herds that experience bouts
of SARA or clinical acidosis experience a drop in
visits and it takes several months for cows to
recover.  Some also mentioned that it was very
important to identify and treat sick cows rapidly.

• Great manager/herdsman - Robots should not
be purchased to minimize time in the barn or
with the cows.  Activities change, but it is very
important to spend time in the barn observing
cows and performing management activities.  

• Be realistic on cash flow planning -  Several
producers mentioned that cash flows were very
tight the first couple of years and it is important
to be prepared for this. 

• Minimize time in the pen interacting with cows –
allow the cows to figure out their schedule and
don’t disrupt it.

Some other items mentioned by a few producers
included:
• Well planned reproductive program – it is
important to keep the robot full.  Plan
freshening’s per month and a good reproductive
program will minimize fetch cows.

• Watch your cows and study their behavior
before moving to your robot barn so you better
understand how to interact with cows after
moving.

• Visit many farms to learn about best barn
designs.

• Having good people is more important with a
robot system than with a parlor.

• Our observation was that routine udder singeing
is important to maximize AMS throughput.  On
a start-up herd, we observed a unit trying to
attach milking cups to long hair on the udder. 

• Steep learning curve – be prepared for a steep
learning curve, from learning a whole new style
of management to new software packages.  Some
companies offer monthly webinars with
producers to teach them about the software and
help them learn the new system.

Culling Rate
A few cows in most herds will need to be culled
because of udder conformation or because they do
not adapt to the robot.  Rodenburg found this was
typically be 0-3% of cows. (Rodenburg, 2002).  Over
30% of the producers in our survey did not have to
cull any cows because of udder conformation and the
highest cull rate reported was 4%.  The udder
conformation that creates the biggest challenge is rear
teats that cross or touch.  The other challenge is cows
with extreme reverse tilt where the rear teats are
much higher than the front teats.  A couple of
producers mentioned that the lasers have a difficult
time finding black teats.  Producers with Jersey
Holstein crossbreds were frustrated with the amount
of time that it took the AMS units to find and attach
the milking units.  Very few cows were culled
because they never adapted to the robot.  Most
producers did not sell a single cow and the highest
value was less than 2%.

Training New Cows & Start Up
Start up was not a pleasant memory for all producers.
There were two general philosophies for starting up
the AMS.  The majority of producers filled the AMS
unit all at once and pushed cows through the robot
24 hours per day.  This was generally done from 3-5
days but some producers pushed cows 24 hours per
day for as long as 3 weeks.  A few producers did not
fill the AMS unit all at once but started by training
10-20 cows at a time.  They added cows over the
course of a week until the robot was full.  The
obvious advantage of this is that the owners and
managers are allowed to get some sleep and after a
few days some of the cows were already getting used
to being milked with the robot.  The disadvantage is
that it may take longer to get all the cows trained.
For producers using multiple robots, most moved
some previously trained cows to the second robot
and that helped train the other cows.  Most producers
indicated that it took about 3-4 weeks of pushing a
high number of cows on a daily basis and by three
months the majority of cows were trained.  

After dry off, most cows did not need further training
and immediately adapted to the AMS unit.  Most
fresh heifers were trained within a week but a few
took over a month to train.  
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Cow Management and Handling
Cows tend to become very calm and easy to handle
when milking with AMS.  Most farms had headlocks,
but used stalls, gates or headlocks when breeding
cows.  Some producers had veterinary pens that they
sorted cows into for dry off and veterinary checks.
For herd health checks some fed the cows their PMR
and 70-80% of the cows self locked.  None of the
producers indicated that catching cows for routine
management interventions was a challenge.  

Methods of identifying cows for breeding varied
between farms.  Most producers were very happy
with cow activity information and used that to
identify the majority of cows for insemination.
Although most farms used some timed insemination
it was much less than before installing the AMS.
Some herds used bulls and one herd actually used
activity for pregnancy prediction of their bull
breedings.  

Milk Quality
Helgren and Reinemann (2006) studied milk quality
of 12 AMS farms.  The somatic cell count averaged
268,000 cells/mL.  This was not different than a
cohort of farms with conventional milking systems.
Bacteria counts were lower than conventional farms.
Somatic cell counts and bacterial counts decreased as
the amount of time a farm used AMS increased
(Helgren and Reinemann, 2006).  Our preliminary
survey results indicate most farms current SCC is
lower than before they moved to the new system.  It
was common for the SCC to increase for the first
month after moving to the new system, but it quickly
decreased.

Challenges
Automatic milking systems have their unique
challenges. Some mentioned in our survey include:

• Maintenance costs – Over time producers
learned how to make minor repairs.  But because
of the complication and many moving parts
several producers expressed concerns about
maintenance costs after warranty.  Parts of most
concern are hydraulic arms and lasers because of
their high replacement costs.  Producers should
plan for higher maintenance costs with AMS
systems.

• Maximizing throughput – to maximize the
financial return robots must be milking the
maximum amount of time.  The length of time
from start to finish on surveyed farms averaged
between 7.5 and 8.5 minutes per cow.  Even
adding 30 seconds per milking will add over an
hour of milking time to 150 milkings per day or
decrease the number of potential milkings by 9
(three cows).  The biggest factors that affect this
are: cows that don’t stand well for prep or
attachment, udder conformation, teat size and
color and hair on udder, cow milking speed,
single or double prep procedure.  For these
reasons some producers have either culled or
were considering culling cows that were slow
milkers or did not stand well for prep or unit
attachment.    

• Maintaining consistent throughput – feeding
changes, weather changes and management
interventions such as hoof trimming all affect
milkings per cow.  The time for cows to recover
varied between herds and interruption. 

• Alarms – Being on call was not a major issue for
producers in our survey, but can be a source of
frustration. After the initial start up most
producers received about one call per week
although a couple of producers still received up
to 1 call per day.  Routine cleaning and
maintenance seemed to decrease the number of
calls.  

• Robots are new to dealers also – AMS are still a
relatively new technology to most dealers.
Therefore, they are still learning about
installation and maintenance issues.  Several
producers that we interviewed had some start
up challenges related to equipment.  The most
common mentioned problem was software
issues and settings.  Other problems included
kinked hoses and incorrect settings on the robot.
Because the technology is fairly new it often took
several weeks to resolve the problem.    

• Cash flow – AMS will require much higher
capital outlays than almost every other milking
system available.  New turnkey setups can cost
in excess of $10,000 per cow space. With the tight
margins of the past couple of years this can
create financial stress.  Therefore, careful
financial planning with realistic expectations of
labor savings and milk production is required.
As should be the case with any new large
investment, producers should allow cushion in
cash flows for potential setbacks.  
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Conclusion
AMS clearly have demonstrated they have the ability
to harvest high quality milk successfully.  It has the
opportunity, especially for smaller herds, to reduce
labor, milk more frequently and provide flexibility of
hours of labor.  As with any system, it takes excellent
management for success.  With AMS particular
attention must be paid to nutrition management and
cow health.  It is important on all farms to figure
what numbers, assumptions and concepts are realistic
and helpful to use in analyzing the financial aspects
of this decision in the context of personal and
business needs, priorities and goals.
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Introduction
In the past three years, tens of thousands of North
American dairy cattle have been genotyped using the
Illumina BovineSNP50 BeadChip, and alternative
high-density and low-density genotyping chips have
recently become available.  These technologies
became possible due to sequencing of the bovine
genome and were developed via collaboration
between Illumina Inc., the USDA Agricultural
Research Service, the National Association of Animal
Breeders, and other commercial and academic
partners.  A key breakthrough is the ability to carry
out thousands of DNA marker tests simultaneously,
for a cost of less than ½ ¢ per marker.  Single
nucleotide polymorphism (SNP) markers represent
base changes (A, T, C, or G) within the DNA
sequence of a cow or bull – a sequence that consists
of approximately 3 billion base pairs distributed over
30 pairs of chromosomes.  These SNP markers can be
genotyped in an efficient and automated manner, in
contrast to the labor-intensive genotyping methods
that were used previously.  Another key
breakthrough is the finding that, once a large number
of genetic markers become available for an individual
animal, it is possible to estimate that animal’s
breeding value based on associations between marker
genotypes and milk yield, somatic cell score,
productive life, daughter pregnancy rate, and other
key traits that were observed in other animals of the
same breed.  The most important animals in this
process are the dairy bulls represented in the
Cooperative Dairy DNA Repository, which was
formed more than 15 years ago, when ABS Global,
Accelerated Genetics, Alta Genetics, Genex
Cooperative, Select Sires, Semex, and Taurus Service
began storing semen samples from young bulls
entering their progeny testing programs for the
purpose of genetic research.

Validation of Genomic Predictions by USDA
In a widely cited study by scientists at the USDA-
ARS Beltsville Agricultural Research Center, a total of
5,369 Holstein bulls and cows that were born from
1952 to 1999 were genotyped with the Bovine SNP50
BeadChip (VanRaden et al., 2009; Cole et al, 2009).
Genotypes and phenotypes of these animals were
used to estimate the effects of 38,416 SNP markers on
production, type, longevity, udder health, and calving

ability.  Next, the estimated SNP effects were used to
compute the genomic predicted transmitting abilities
(PTAs) of 2,035 young Holstein bulls born from 2000
to 2003 that had no progeny of their own.  Finally, the
2009 PTAs of bulls in the latter group, which were
based on information from their progeny, were
compared with their traditional parent averages and
the genomic PTAs computed from 2004 data.  The
same process was repeated in Jerseys (using 1,361
older bulls and cows for prediction and 388 young
bulls for validation) and Brown Swiss (using 512
older bulls and cows for prediction and 150 young
bulls for validation).  Results in Table 1 show the
increase in reliability due to genomic information, as
compared with the reliability from pedigree
information only.

Table 1.
Reliability changes due to the inclusion of genomic
data in national genetic evaluations in the validation

study of VanRaden et al. (2009).

Trait Increase in Reliability due to Genomics
Holstein Jersey Brown Swiss

Lifetime Net Merit +24% +8% +9%
Milk Yield +26% +6% +17%
Fat Yield +32% +11% +10%
Protein Yield +24% +2% +14%
Fat Percentage +50% +36% +8%
Protein Percentage +38% +29% +10%
Productive Life +32% +7% +12%
Somatic Cell Score +23% +3% +17%
Daughter Pregnancy Rate +28% +7% +18%
Final Classification Score +20% +2% +5%
Udder Depth +37% +20% +8%
Foot Angle +25% +11% -1%

As shown in Table 1, gains in reliability from genomic
information were significant for almost all traits and
breeds, ranging from -1% for foot angle in Brown
Swiss to +50% for fat percentage in Holsteins.  Gains
were largest for traits for which single genes with
large effects had already been discovered, such as fat
percentage (DGAT1 gene on chromosome 14; Grisart
et al., 2004) and protein percentage (ABCG2 gene on
chromosome 6; Cohen-Zinder et al., 2005).  For each
trait, we can combine a young animal’s pedigree with
information regarding its SNP genotypes to obtain a
genomic PTA of much greater accuracy.  For a heifer
calf, reliability of the genomic PTA is greater than the
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information we could obtain by measuring several
lactation records on the animal and its daughters.
For a young cow, genomic information can be
combined with her lactation records to obtain a
genomic PTA that is significantly more informative
than her traditional PTA.  For a bull calf, reliability of
the genomic PTA is equivalent to what we could
obtain by measuring performance on 25 or 30 of his
progeny test daughters.  Improvements in accuracy
can even be obtained for bulls that have completed
progeny testing, although the gain in information for
a bull that already has performance data from 80 to
100 daughters is much smaller.  Gains in reliability
for Jerseys and Brown Swiss have not been as great
as for Holsteins.  However, this difference is largely
due to the fact that fewer progeny tested bulls have
been genotyped, and results for these breeds will be
improved by combining information from North
American sires with that of key populations
internationally.

Impact on Sire Selection Decisions
The artificial insemination (AI) studs are in the midst
of tremendous change because of this technology.
Virtually every young bull entering an AI company
today is DNA tested on the farm and selected from a
group of 5 to 10 young bulls with similar pedigrees.
Therefore, we know that each of these bulls has
received a favorable sample of genes from its parents.
The genomic PTA for a young bull typically has
reliability in the range of 60 to 75%, as opposed to
only 30 to 40% for its traditional parent average.
North American AI companies are now marketing
semen from hundreds of young bulls that have
genomic PTAs but no daughters of their own.  These
young bulls have replaced older, proven bulls that
were at the low end of the sire line-up, and many of
these bulls are being used for contract matings.
Because buyers now have the ability to distinguish
between sets of full siblings that have the same
parent average, the premium for securing first choice
from a flush is much greater, and buyers at
consignment sales and dispersals now pay a
premium for young animals with favorable
genotypes.  

What about commercial producers?  While these
producers may not yet be genotyping young females
on their farms, they are seeing semen on the market
from hundreds of young bulls with genomic breeding
values and no progeny.  These bulls have attractive
pedigrees, because they're younger than the current
proven bulls, but their reliabilities are lower, as
shown in Figure 1.  

Figure 1.
January 2011 PTA for Lifetime Net Merit versus

reliability for Holstein bulls with active status based
on progeny testing (top) and genomic status based on

DNA testing (bottom).

Because reliabilities of young, genome-tested bulls
are lower, producers should avoid heavy use of one
or two top bulls and should spread out their risk by
using a larger group of bulls.  Avoiding these bulls
entirely is a bad idea, even for risk-averse producers,
because their genetic merit is high relative to their
semen price, as shown in Figure 2.  

R
e
l
i
a
b
i
l
i
t
y

R
e
l
i
a
b
i
l
i
t
y



123

Figure 2.
January 2011 PTA for Lifetime Net Merit versus
semen price for Holstein bulls with active status
based on progeny testing (top) and genomic status

based on DNA testing (bottom).

Development of Inexpensive, Low-Density
Genotyping Platforms
Because the cost of the BovineSNP50 BeadChip has
largely limited its application to males and elite
females, attention has focused on development of
inexpensive alternatives that can capture the majority
of the gain for a fraction of the price.  Initially, we
attempted to select the most important SNPs based
on magnitude of their estimated effects (Weigel et al.,
2009).  Using August 2003 progeny test PTAs for
Lifetime Net Merit of 3,305 Holstein bulls born from
1952 to 1998, we evaluated the ability of various
subsets of SNPs to predict April 2008 progeny test
PTAs for 1,398 Holstein bulls born from 1999 to 2002.
Subsets were created by sorting the original 32,518
SNPs by the absolute values of their estimated effects
and choosing the top 300, 500, 750, 1,000, 1,250, 1,500,
or 2,000 SNPs.  For reference purposes, subsets of
300, 500, 750, 1,000, 1,250, 1,500, or 2,000 equally

spaced SNPs were also created.  Correlations between
these genomic predictions and corresponding PTAs
from progeny testing are shown below, in Table 2.  

Table 2.
Correlations between progeny test PTAs for Lifetime
Net Merit and genomic predictions from various
subsets of SNPs in a population of 1,398 Holstein
bulls, where SNPs were chosen based on spacing or

size of estimated effect (Weigel et al., 2009).

Number of SNP SNPs with Equally Spaced
Markers Genotyped Largest Effects SNPs

300 0.428 0.253
500 0.485 0.333
750 0.519 0.435
1,000 0.537 0.422
1,250 0.554 0.477
1,500 0.559 0.518
2,000 0.567 0.539
32,518 0.612

The reference model with 32,518 SNPs provided a
correlation of 0.612, whereas correlations between
progeny test PTAs and genomic predictions derived
from 300 to 2,000 selected SNPs ranged from 0.428 to
0.567.  Correlations for sets of selected SNPs were
consistently greater than for sets of equally spaced
SNPs.  In a related study, Vazquez et al. (2010) noted
that low-density chips containing SNPs with the
largest estimated effects for Lifetime Net Merit would
provide greater predictive ability for production traits
than for fitness traits.  Furthermore, low-density
assays composed of selected SNPs would be breed-
specific and trait-specific.  For these reasons, we
determined that it would be more efficient to
genotype a slightly larger set of equally spaced SNPs
that would facilitate imputation of missing high-
density genotypes, as suggested by Habier et al.
(2009), rather than focus on a few hundred selected
SNPs with large effects.

To determine if imputation of high-density (i.e.,
BovineSNP50 BeadChip) genotypes from subsets of a
few hundred or a few thousand equally spaced SNPs
was feasible, we used a population  of 2,656 Jersey
bulls and 490 Jersey cows and heifers that had been
genotyped for 43,385 SNPs.  This population was
divided into a reference panel, consisting of 2,542
animals born from 1953 to 2006, and a study sample,
consisting of 604 animals born from 2007 to 2009.  For
animals in the study sample, genotypes were
“masked” (i.e., hidden) for a randomly chosen 20, 60,
80, 90, 95, 98, or 99% of SNP markers.  Three
chromosomes were considered (BTA1, BTA15, and
BTA28), but results are shown only for BTA15, which
contained 1,377 SNP markers.  After masking 20 to
99% of the SNPs, the number of SNPs available for
imputing missing genotypes ranged from 14 to 1,102.
Many algorithms have been developed for
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constructing haplotypes and imputing genotypes in
humans, and in this study we used the method of
Scheet and Stephens (2006), which was implemented
via fastPHASE 1.2 software, and the method of
Howie et al. (2009), which was implemented via
IMPUTE 2.0 software.

The proportion of masked SNP genotypes that were
imputed correctly is shown in Table 3.  

Table 3.
Proportion of SNP genotypes that were imputed in a
sample of 604 Jersey cattle, using a reference panel of
2,542 Jersey cattle, according to method of imputation
and percentage of SNPs that were actually genotyped

(Weigel et al., 2010b).

Percentage of SNP Method 1 Method 2
Markers Genotyped (fastPHASE 1.2) (IMPUTE 2.0)

1% 0.701 0.730
2% 0.726 0.780
5% 0.780 0.890
10% 0.874 0.924
20% 0.951 0.932
40% 0.984 0.935
80% 0.992 0.930

The proportion imputed correctly ranged from 0.66 to
0.73 when only 1% or 2% of genotypes were
unmasked in the study sample, versus 0.75 to 0.89
when 5 to 10% of genotypes were unmasked, as
would be the case for a medium-density panel with
2,000 to 4,000 SNPs.  This suggested that a low-
density chip with approximately 3,000 equally spaced
SNPs would be adequate for imputing high-density
genotypes from reference animals of the same breed.

Next, we sought to determine the impact of imputing
(more specifically, the impact of imputing errors) on
the accuracy of genomic predictions for economically
important traits in dairy cattle.  Genotypes of 1,762
Jersey sires, with 42,552 SNP markers apiece, were
used in conjunction with progeny test PTAs for milk
yield, protein percentage, and daughter pregnancy
rate.  A group of 1,446 sires with ≥ 10 milking
daughters in May 2006 were used as the reference
panel, and the accuracy of genomic PTAs based on
imputed genotypes was evaluated using 316 sires
with 0 milking daughters in May 2006 and ≥ 10
milking daughters in April 2009.  Next, we created
equally spaced subsets in which all but 366, 741,
1,468, or 2,942 of the original SNP genotypes were
masked.  Masked genotypes were imputed using the
method of Howie et al. (2009), implemented via
IMPUTE 2.0 software.  After imputation, genomic
predictions for milk yield, protein percentage, and
daughter pregnancy rate were computed, and these
were compared with the traditional PTAs of these

bulls resulting from progeny testing.  Results are
shown in Table 4. 

Table 4.
Correlations between progeny test PTAs for milk
yield, protein percentage, and daughter pregnancy
rate and genomic predictions for these traits based on
366, 741, 1,468, 2,942, or 42,552 SNP markers, with
imputation of missing genotypes, in a population of

316 Jersey bulls (Weigel et al., 2010a).

Number of SNP Milk Protein Daughter
Markers Genotyped Yield Percentage Pregnancy Rate

366 0.367 0.468 0.470
741 0.525 0.546 0.572
1,468 0.649 0.676 0.619
2,942 0.673 0.740 0.642
42,552 0.673 0.770 0.674

As shown in Table 4, a low-density genotyping chip
consisting of approximately 3,000 equally spaced
SNPs (i.e., the so-called “3K chip”) can provide
genomic predictions for milk yield, protein
percentage, and daughter pregnancy rate that are
roughly 95% as accurate as predictions from the
BovineSNP50 BeadChip, for a small fraction of the
price.  

Cost-Effective Strategies for Genotyping Females
on Commercial Dairy Farms
To investigate whether low-density genotyping of
females on commercial dairy farms would be cost
effective, and to determine the conditions under
which a producer could maximize the benefits of this
technology, a simulation study was carried out.  We
created 100 dairy herds, each comprised of 1,850
animals; these included 850 replacement heifers (450
heifer calves and 400 yearling heifers) and 1,000
milking cows (350 in first lactation, 250 in second
lactation, 170 in third lactation, 120 in fourth
lactation, 70 in fifth lactation, and 40 in sixth
lactation).  Each animal’s genetic potential for
Lifetime Net Merit was simulated, using an average
of $45 and a standard deviation of $146; these values
correspond to the current mean and standard
deviation for sire-identified, milk-recorded Holsteins
in the US national genetic evaluation system
(http://aipl.arsusda.gov/eval/summary/pctl.cfm).
Genetic improvement over time was taken into
account by adjusting the average PTA by $26 per
year, according to age of the animal.  Reliability of
genetic predictions varied, according to the
availability (or lack thereof) of pedigree information,
performance (milk-recording) data, and low-density
(3K) DNA test results for a given animal, as shown
below.
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Table 5.
Assumed reliability values for predictions of Lifetime
Net Merit based on pedigree, performance, and low-
density genotyping data (“Traditional” = no DNA
testing, “Genomic” = DNA testing with 3K chip) for

simulated animals in each age group.

Ancestry Unknown        Sire-Identified                  Full Pedigree

Age Group                          Traditional  Genomic   Traditional  Genomic   Traditional  Genomic

Heifer calves 0.00 0.50 0.20 0.57 0.34 0.67
Yearling Heifers 0.00 0.52 0.21 0.59 0.35 0.68
1st Lactation Cows 0.18 0.56 0.40 0.63 0.52 0.71
2nd Lactation Cows 0.22 0.59 0.44 0.66 0.55 0.73
3rd Lactation Cows 0.25 0.62 0.46 0.68 0.57 0.74
4th Lactation Cows 0.27 0.64 0.48 0.69 0.58 0.74
5th Lactation Cows 0.29 0.65 0.49 0.70 0.59 0.75
6th Lactation Cows 0.30 0.65 0.50 0.70 0.60 0.75

After generating true and estimated breeding values
for these animals, where accuracy of the estimated
breeding values varied according to age, extent of
known ancestry, and presence or absence of genomic
testing information, we carried out selection and
culling decisions within each herd.  Producers
selected the top 10, 20, 30, . . ., 90% of animals within
each age group based on the aforementioned
estimates of genetic merit, and the remaining animals
were culled.  Next, the average breeding value for
Lifetime Net Merit of animals that were selected
using pedigree plus genomic information was
compared with that of animals that were selected
from the same age group using pedigree information
only.  The average gain in genetic merit due to DNA
testing was then compared with the cost of the test,
which was assumed to be $35 per animal.  This cost
was prorated over the number of animals that were
selected from a given age group, such that the break-
even gain in breeding value was $350, 175, 117, 88, 70,
58, 50, 44, or 39 when the top 10, 20, 30, 40, 50, 60, 70,
80, or 90% of animals were selected, respectively.  The
fraction of genetic merit that was passed along to
future generations was also considered, assuming
that each female generated her own replacement, and
that one-half, one-quarter, and one-eighth of her
genetic superiority or inferiority would be passed
along to her daughter, granddaughter, and great-
granddaughter, respectively.  When future
generations were considered with a discount rate of
5% per year, the net present value of the break-even
gain in breeding value was $206, 103, 69, 52, 41, 34,
29, 26, or 23, respectively, depending on the
proportion of animals selected.  Lastly, strategies
were considered in which the producers pre-sorted
animals based on pedigree information (if available)
and then DNA tested the top 50% or bottom 50% of
animals in each age group, rather than DNA testing
the entire herd.   Results are shown below.

Table 6.
Average Lifetime Net Merit breeding values ($) for

heifer calves selected based on genetic predictions from
pedigree, performance, and low-density genotyping
data (Trad = no DNA testing, All = DNA testing whole
herd with 3K chip, Top = DNA testing top half of herd,
Bot = DNA testing bottom half of herd) for simulated
herds in this study.  Cases in which testing costs are

offset by gains in genetic merit in the current generation
(underlined and bold) or in current plus future
generations (underlined) are highlighted.

%             Unknown Ancestry Sire-Identified Full Pedigree

Selected   Trad     All      Top     Bot      Trad   All    Top     Bot    Trad    All   Top Bot

Top 10 245 612 531 389 474 628 630 503 550 664 667 563
Top 20 247 537 443 361 429 554 540 459 485 580 577 502
Top 30 245 487 382 346 395 501 475 427 444 523 511 462
Top 40 245 445 344 334 370 458 419 402 410 477 450 432
Top 50 246 410 320 322 350 422 381 382 381 436 404 405
Top 60 246 378 302 312 329 387 351 364 354 399 368 382
Top 70 246 347 287 306 311 355 324 346 329 364 338 359
Top 80 246 318 274 296 292 323 299 320 305 329 309 329
Top 90 246 286 261 278 272 289 275 289 279 293 280 293

As shown in Table 6, genomic testing of all heifer
calves seems to be cost-effective if pedigree
information is unavailable.  This could be the case if
replacements were purchased (or were about to be
purchased) from a source that could not provide
accompanying pedigree information, or if recording
of ancestry had lapsed within a given herd.  As
expected, the value of genomic testing is lower in
herds that routinely record sire identification, and
lower yet in herds with several generations of
pedigree data for every animal.  Nonetheless,
genomic testing of heifer calves may be cost-effective
in such herds, particularly if animals are pre-sorted
prior to testing.  
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Table 7.
Average Lifetime Net Merit breeding values ($) for first
lactation cows selected based on genetic predictions
from pedigree, performance, and low-density

genotyping data (Trad = no DNA testing, All = DNA
testing whole herd with 3K chip, Top = DNA testing
top half of herd, Bot = DNA testing bottom half of

herd) for simulated herds in this study.  Cases in which
testing costs are offset by gains in genetic merit in the
current generation (underlined and bold) or in current
plus future generations (underlined) are highlighted.

%             Unknown Ancestry Sire-Identified Full Pedigree

Selected   Trad     All      Top     Bot      Trad   All    Top     Bot    Trad    All   Top Bot

Top 10 359 524 516 393 465 545 556 470 508 571 577 505
Top 20 317 447 428 353 403 466 469 411 435 484 489 437
Top 30 286 393 366 320 355 409 407 368 384 426 428 390
Top 40 262 352 312 296 317 365 349 333 343 379 369 352
Top 50 239 315 273 275 287 326 303 304 309 337 321 321
Top 60 220 281 242 256 259 290 267 279 277 299 282 293
Top 70 202 249 216 237 233 256 237 256 246 263 247 264
Top 80 184 217 193 214 206 221 208 224 215 227 215 229
Top 90 166 184 169 183 178 186 178 187 182 189 182 190

As shown in Table 7, the value of testing young cows
depends heavily on the availability (or lack thereof)
of pedigree data.  One or two lactation records on a
young cow cannot provide an accurate assessment of
her genetic value if her ancestry is unknown, and in
this case there is an opportunity to add significant
accuracy through genomic testing.  On the other
hand, the amount of additional information provided
by genomic testing is relatively small for a pedigree-
recorded cow that has lactation records of her own,
and in this situation a producer should pre-sort the
herd (perhaps more precisely than in this study, such
as into thirds or quartiles) and test only those animals
that are “on the bubble” with respect to a selection or
culling decision.  Although the value of genomic
testing is greater if pedigree information is lacking,
we do not advocate the use of genomic testing as a
substitute for recording of ancestry.  In fact, one
cannot pre-sort the herd with any degree of accuracy
without knowledge of each animal’s sire, and
preferably its maternal grandsire as well.  Therefore,
producers who keep accurate records of ancestry can
more effectively target animals for DNA testing, and
in this manner they can reap greater benefits from the
technology.

Table 8.
Average Lifetime Net Merit breeding values ($) for fourth
lactation cows selected based on genetic predictions from
pedigree, performance, and low-density genotyping data
(Trad = no DNA testing, All = DNA testing whole herd
with 3K chip, Top = DNA testing top half of herd, Bot =
DNA testing bottom half of herd) for simulated herds in
this study.  Cases in which testing costs are offset by
gains in genetic merit in the current generation
(underlined and bold) or in current plus future
generations (underlined) are highlighted.

%             Unknown Ancestry Sire-Identified Full Pedigree

Selected   Trad     All      Top     Bot      Trad   All    Top     Bot    Trad    All   Top Bot

Top 10 246 387 391 267 334 413 421 336 371 427 433 371
Top 20 197 311 305 215 266 324 332 267 293 336 341 293
Top 30 160 256 236 185 220 267 267 224 243 276 279 245
Top 40 130 211 176 158 182 220 211 189 199 225 220 205
Top 50 108 171 135 135 149 179 163 160 162 184 170 171
Top 60 84 134 100 113 118 142 122 135 126 146 131 143
Top 70 61 100 71 93 86 105 88 107 95 110 97 111
Top 80 38 66 44 64 56 70 57 71 63 73 62 74
Top 90 15 31 18 31 25 32 25 34 28 34 28 35

As shown in Table 8, the value of testing older cows
within a herd is less than that of testing younger
cows, and substantially less than that of testing
yearling heifers and calves.  Many animals have
already culled themselves from the herd prior to
fourth or fifth lactation, through poor performance,
impaired health, or infertility, and therefore
additional opportunities for culling are limited.
Furthermore, using older animals to produce
additional replacements, such as through embryo
transfer or the use of gender-selected semen, will not
be particularly beneficial, because these animals have
fallen victim to genetic trend and are not genetically
competitive with their daughters’ and
granddaughters’ generations.
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Conclusions
In summary, it is clear that genomic information can
enhance the accuracy of genetic evaluations for bulls,
cows, heifers, and calves.  Breeding companies are
now marketing hundreds of young bulls based solely
on genomic information.  These bulls have higher
average genetic merit than older bulls that have
completed progeny testing, but reliability values are
lower.  Using a single genome-tested bull very
heavily is a significant risk, but ignoring these young
bulls as a group has a heavy opportunity cost.  To
date, price has largely limited genotyping to males
and elite females.  However, the recent development
of low-density assays that facilitate imputation of
high-density genotypes from a reference population
of AI sires allows users to capture the majority of
benefits for a fraction of the price.  This may lead to
widespread adoption of genomic testing of cows,
heifers, and calves on commercial farms, particularly
in herds that lack pedigree information or herds that
can effectively pre-sort animals based on pedigree
data.  Potential applications include selection among
heifer calves or springing heifers on farms that have
used gender-selected semen, screening of heifers or
cows prior to purchase by herds that are expanding,
evaluation of potentially elite heifers and cows that
could provide added revenue through sale of
breeding stock, and eventually value-added services
such as genome-enhanced mate selection and
genome-guided management protocols.   

References
Cole, J. B., P. M. VanRaden, J. R. O’Connell, C. P. Van

Tassell, T. S. Sonstegard, R. D. Schnabel, J. F. Taylor,
and G. R. Wiggans.  2009. J. Dairy Sci. 92:2931-2946.

Cohen-Zinder, M., E. Seroussi, D. M. Larkin, J. J. Loor, A.
Everts-van der Wind, J. H. Lee, J. K. Drackley, M. R.
Band, A. G. Hernandez, M. Shani, H. A. Lewin, J. I.
Weller, and M. Ron.  2005.  Genome Res. 15:936-944.

Grisart B., F. Farnir, L. Karim, N. Cambisano, J. J. Kim, A.
Kvasz, M. Mni, P. Simon, J. M. Frere, W. Coppieters,
and M. Georges.  2004.  Proc. Natl. Acad. Sci. U.S.A.
101:2398-403.

Habier, D., R. L. Fernando, and J. C. M. Dekkers.  2009.
Genetics 182:343-353.

Howie, B. N., P. Donnelly, and J. Marchini.  2009.  PLoS
Genetics 5:e1000529.

Scheet, P., and M. Stephens.  2006.  Am. J. Human. Genet.
78:629-644.

VanRaden, P. M., C. P. Van Tassell, G. R. Wiggans, T. S.
Sonstegard, R. D. Schnabel, and F. Schenkel.  2009.  J.
Dairy Sci. 92:16-24.

Vazquez, A. I., G. J. M. Rosa, K. A. Weigel, G. de los
Campos, and D. Gianola.  2010. J. Dairy Sci. 93:5942-
5949.

Weigel, K. A., G. de los Campos, O. González-Recio, H.
Naya, X. L. Wu, N. Long, G. J. M. Rosa, and D.
Gianola.  2009. J. Dairy Sci. 92:5248-5257.

Weigel, K. A., G. de los Campos, A. I. Vazquez, G. J. M.
Rosa, D. Gianola, and C. P. Van Tassell.  2010a.  J. Dairy
Sci. 93:5423-5435.

Weigel, K. A., C. P. Van Tassell, J. R. O’Connell, P. M.
VanRaden, and G. R. Wiggans.  2010b.  J. Dairy Sci.
92:2229-2238.



128

Introduction
The term “stress” is defined in different ways, but is
used to describe influences outside of a body system,
which can shift the internal mechanisms away from
their normal or resting state (Lee, 1965).  Therefore,
the term heat stress is used to describe the effects of
increasing environmental temperature on different
physiological systems.  This is of interest to the dairy
industry because of the detrimental changes
(production, metabolic, reproductive) induced by
heat stress (West, 2003; Bernabucci et al., 2005).

Heat stress negatively impacts a variety of dairy
parameters including milk yield, milk quality and
composition, rumen health, growth and reproduction
and therefore is a significant financial burden (~$900
million/year for dairy in the U.S.; St. Pierre et al.,
2003).  Advances in management (i.e. cooling
systems; Armstrong, 1994; VanBaale et al., 2005) and
nutritional strategies (West, 2003) have alleviated
some of the negative impact of heat stress on cattle,
but productivity continues to decline during the
summer.  In the upper Midwest, heat-induced poor
reproduction may be the costliest issue.  For example,
pregnancy rates at the Iowa State Dairy decreased
19% during the 2010 summer and did not return to
spring levels until the middle of December. 

Biological Consequences of Heat Stress
The biological mechanism by which heat stress
impacts production and reproduction is partly
explained by reduced feed intake, but also includes
altered endocrine status, reduction in rumination and
nutrient absorption, and increased maintenance
requirements (Collier and Beede, 1985; Collier et al.,
2005) resulting in a net decrease in nutrient/energy
available for production.  This decrease in energy
results in a reduction in energy balance (EBAL), and
partially explains (reduced gut fill also contributes)
why dairy cattle lose significant amounts of body
weight when subjected to unabated heat stress
(Rhoads et al., 2009; Shwartz et al., 2009; Wheelock et
al., 2010).

Reductions in energy intake during heat stress results
in a majority of dairy cows entering into negative
energy balance (NEBAL), regardless of the stage of
lactation.  Essentially, the heat-stressed cow enters a
bioenergetic state similar (but not to the same extent)

to the NEBAL observed in early lactation.  The
NEBAL associated with the early postpartum period
is coupled with increased risk of metabolic disorders
and health problems (Goff and Horst, 1997; Drackley,
1999), decreased milk yield and reduced reproductive
performance (Lucy et al., 1992; Beam and Butler,
1999; Baumgard et al., 2002; 2006).  It is likely that
many of the negative effects of heat stress on
production, animal health and reproduction indices
are mediated by the reduction in EBAL (similar to the
transition period).  However, it is not clear how much
of the reduction in performance (milk yield and
reproduction) can be attributed or accounted for by
the biological parameters affected by heat stress (i.e.
reduced feed intake vs. increased maintenance costs).

Rumen Health:
The heat-stressed cow is prone to rumen acidosis,
and many of the lasting effects of warm weather
(laminitis, low milk fats etc.) can probably be traced
back to a low rumen pH during the summer months.
This may be explained by increased respiration rate
which results in enhanced carbon dioxide (CO2)
exhalation.  In order to be an effective blood pH
buffering system, the body needs to maintain 20:1
bicarbonate (HCO3-) to CO2 ratio. Due to the
hyperventilation induced decrease in blood CO2, the
kidney secretes HCO3- to maintain this ratio.  This
reduces the amount of HCO3- that can be used (via
saliva) to buffer and maintain a healthy rumen pH.
In addition, the heat-stressed cow ruminates less
(because of the reduced feed intake and increased
time respiring) and rumination is a key stimulator of
saliva production.  Furthermore, heat-stressed cows
drool and this, coupled with reduced saliva
production reduces the amount of buffering agents
entering the rumen.  Consequently, care should be
taken when feeding “hot” rations during the summer
months.  In addition, fiber quality is important
all the time, but it is paramount during the
summer as it has some buffering capacity and
stimulates saliva production (Baumgard and
Rhoads, 2007).  

Metabolic Adaptations to Reduced Feed Intake
A prerequisite to understanding the metabolic
adaptations which occur with heat stress, is an
appreciation of the physiological and metabolic
adjustments to thermal-neutral NEBAL (i.e.
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underfeeding or during the transition period).  
Early lactation dairy cattle enter a unique
physiological state during which they are unable to
consume enough nutrients to meet maintenance and
milk production costs and animals typically enter
NEBAL (Moore et al., 2005).  Negative energy balance
is associated with a variety of metabolic changes that
are implemented to support the dominant
physiological condition of lactation (Bauman and
Currie, 1980).  Marked alterations in both
carbohydrate and lipid metabolism ensure
partitioning of dietary and tissue derived nutrients
towards the mammary gland, and not surprisingly
many of these changes are mediated by endogenous
somatotropin which naturally increases during
periods of NEBAL.  One classic response is a
reduction in circulating insulin coupled with a
reduction in systemic insulin sensitivity.  The
reduction in insulin action activates adipose lipolysis,
leading to the mobilization of non-esterified fatty
acids (NEFA; Bauman and Currie, 1980).  Increased
circulating NEFA are typical in “transitioning” cows
and represent (along with NEFA derived ketones) a
significant source of energy (and are precursors for
milk fat synthesis) for cows in NEBAL.  Post-
absorptive carbohydrate metabolism is also altered
by reduced insulin action during NEBAL which
results in reduced glucose uptake by systemic tissues
(i.e. muscle and adipose).  Reduced nutrient uptake
coupled with the net release of nutrients (i.e. amino
acids and NEFA) by systemic tissues are key
homeorhetic (an acclimated response vs. an
acute/homeostatic response) mechanisms
implemented by cows in NEBAL to support lactation.
The thermal-neutral cow in NEBAL is metabolically
flexible, and can depend upon alternative fuels
(NEFA and ketones) to spare glucose.  Glucose can
then be utilized by the mammary gland to copiously
produce milk (Bauman and Currie, 1980).

Heat Stress and Production Variables
Heat stress reduces feed intake and milk yield in
dairy cattle.  The decline in nutrient intake has been
identified as a major cause of reduced production
(Fuquay, 1981; West, 2002; 2003).  However, the exact
contribution of reduced feed intake to the overall
reduced milk yield or average daily gain remains
unknown.  To evaluate this question in both dairy
and beef cattle we have conducted experiments
involving a group of thermal neutral pair-fed animals
to eliminate the confounding effects of dissimilar
nutrient intake.  The pair-feeding model is necessary
in order to differentiate between the direct and
indirect effects of heat stress (mediated by reduced
feed intake) on production and metabolism.  Utilizing
this model has allowed us to determine that the heat-
induced decrease in nutrient intake only accounts for
approximately 50% of the decrease in milk yield 

(Figures 1 and 2: Rhoads et al., 2009; Wheelock et al.,
2010).  The model indicates that direct effects of heat
explain ~50-60% of decreased milk synthesis.
Therefore, identifying hyperthermia-induced direct
changes is likely a prerequisite to develop mitigation
strategies to maximize milk yield during the warm
summer months. 

Figure 1.
Effects of heat stress and underfeeding (pair-feeding)
thermal-neutral lactating Holstein cows on dry

matter intake (Rhoads et al., 2009).

Figure 2.
Effects of heat stress and underfeeding (pair-feeding)
thermal neutral conditions on milk yield in lactating

Holstein cows (Rhoads et al., 2009).

Theoretical Reasons for Altered Metabolism
Well-fed ruminants primarily oxidize acetate (a
rumen produced VFA) as a principal energy source.
During NEBAL cattle increased their energy
dependency on NEFA.  However, despite the fact that
heat-stressed cows have marked reductions in feed
intake and are losing considerable amounts of body
weight, they do not mobilize adipose tissue (Rhoads
et al., 2009; Wheelock et al., 2010).  Therefore, it
appears that heat stressed cattle experience altered
post-absorptive metabolism compared to thermal
neutral counterparts, even though they are in a
similar negative energetic state.  The unusual lack of
NEFA response in heat-stressed cows is probably in
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part explained by increased circulating insulin levels
(O’Brien et al., 2010; Wheelock et al., 2010), as insulin
is a potent anti-lipolytic hormone.  Increased
circulating insulin during heat stress is unusual as
malnourished animals are in a catabolic state and
experience decreased insulin levels.  The increase in
insulin action may also explain why heat-stressed
animals have increased rates of glucose disposal
(Wheelock et al., 2010).  Therefore, during heat stress,
preventing or blocking adipose
mobilization/breakdown and increasing glucose
“burning” is presumably a strategy to minimize
metabolic heat production (Baumgard and Rhoads,
2007).

The increase in extra-mammary glucose utilization
during heat stress creates a nutrient trafficking
problem with regards to milk yield.  The mammary
gland requires glucose to synthesize milk lactose and
lactose is the primary osmoregulator, thus determines
overall milk volume.  However, in an attempt to
generate less metabolic heat, the body (presumably
skeletal muscle) appears to utilize glucose at an
increased rate.  Therefore, the mammary gland may
not receive adequate amounts of glucose, as a result
mammary lactose production and subsequently milk
yield is reduced.  This may be the primary
mechanism which accounts for the additional
reductions in milk yield beyond the portion
explained by decreased feed intake (Figures 1 and 2).

Heat Abatement
Heat abatement strategies are often employed as a
means to ameliorate the negative effects of heat stress
on production during the warm summer months
(Smith et al., 2006).  Cooling cows with shade and
evaporative cooling with soakers and fans is a
relatively cheap strategy to help minimize economic
losses during an increased heat load (Collier et al.,
2006).  However, despite new barn construction and
heat abatement systems, milk yield and other
production parameters continue to be adversely
affected by heat stress (Burgos et al., 2007).

Feedstuffs have varying heat increments (HI), largely
due to efficiency of nutrient utilization or digestive
end products (VanSoest et al., 1991).  Fiber digestion
results in a higher heat increment (sum of heat
produced from rumen fermentation and nutrient
metabolism) than digestion of fat or non-fiber
carbohydrates (NFC).  The major end product of fiber
fermentation (acetate) is utilized less efficiently
compared to the major end product of NFC digestion
(propionate; Baldwin et al., 1980).  

The table below illustrates heat increments of several
common feedstuffs.  The heat increment value
expressed as Kcal/Mcal, net energy lactation (NEL)

was derived for total digestible nutrient (TDN)
values of 40-100% and fitted to a multiple linear
regression model: y=a+bx+cx2. Where y= Kcal
HI/Mcal NEL and x=TDN solved constants are a=
1350.812, b= -17.1496, and c= 0.091517 (Chandler,
1994).  

Table 1.
Heat increment of common feed ingredients

Feed DM NDF TDN NEL HI HI/NEL
Ingredient (%) % % (Mcal/ (Mcal/ (Kcal/

of DM of DM Kg) ton) Mcal)

Haylage 35.0 53.0 59.0 1,326 277.32 658
Corn Silage 38.3 48.0 66.1 1,500 321.85 617
Grass Hay 88.0 53.0 55.0 1,228 672.10 684
Alfalfa Hay 89.9 47.5 60.0 1,350 718.59 651
Whole
Cottonseed 93.0 49.0 87.0 2,453 801.15 386

Corn 87.0 10.0 88.0 2,035 886.23 550
SBM, 48% 90.0 14.0 81.0 1,866 857.54 562
Palm Oil (FA) 100.0 0.0 170.1 5,676 1,103.96 214
Prill (FA) 100.0 0.0 170.1 6,776 1,314.23 214
Tallow 99.0 0.0 191.3 6,402 1,228.81 214
Adapted from Chandler, 1994.

Nutritional Strategies of Heat Stress
There are several nutritional strategies to consider
during heat stress.  A common strategy is to increase
the energy and nutrient density (reduced fiber,
increased concentrates and supplemental fat) of the
diet as feed intake is markedly decreased during heat
stress.  In addition to the energy balance concern,
reducing the fiber content of the diet is thought to
improve the cow’s thermal balance and may reduce
body temperature.  However, increasing ration
concentrates should be considered with care as heat-
stressed cows are highly prone to rumen acidosis.  

Fiber: 
Fiber is necessary for proper rumen function; current
recommendations state a minimum dietary neutral
detergent fiber (NDF) of 25% with the proportion of
NDF from roughages equaling 75% of total NDF
(NRC, 2001).  However, its digestion and metabolism
create more heat than compared to concentrates
(VanSoest et al., 1991).  One common nutritional
strategy involves reducing dietary fiber during an
increased heat-load.  However, adequate fiber in the
diet is essential to maintain rumen health, and high
quality forage helps to maintain feed intake.  Grant
(1997) demonstrated that a roughage NDF value of
60% still provides sufficient fiber for production of fat
corrected milk.  On the other hand,
Kanjanapruthipong and Thaboot (2006) speculated
that the minimum dietary NDF of 23% DM and
roughage NDF proportion of 55% dietary NDF have
sufficient effective NDF for dairy cows in the tropics.
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Protein: 
Due to reduced feed intake, dietary protein levels
may need to be increased during heat stress (West,
1999).  Huber et al. (1993) demonstrated that heat-
stressed cows fed lower soluble protein levels had
increased milk yield and increased dry matter intake
(DMI).  Huber et al. (1994) showed that heat-stressed
cows fed a highly degradable protein diet (65% of
crude protein (CP)) had a 6% reduction in DMI and
an 11% decrease in milk yield when compared to
diets with lower degradable protein (59%) or diets
with lower CP (16%).  This agrees with recent
recommendations which suggest that addition of
dietary CP, more specifically rumen un-degradable
protein, is not helpful (Arieli et al., 2006).  A possible
reason why highly degradable protein diets appear to
be deleterious during heat stress is that both rumen
motility and rate of passage decline.  This allows for
a longer residence time and thus more extensive
protein degradation (Linn, 1997).  We have
demonstrated that blood urea nitrogen is elevated in
heat-stressed cows compared to pair-fed controls
(Wheelock et al., 2010), although it is not clear
whether this originates from excess rumen ammonia
production or from skeletal muscle breakdown.
Regardless, excess ammonia needs to be eliminated
and this removal has an energy cost (7.2 kcal/g of
nitrogen; and thus increases heat production) as it is
metabolized to urea and excreted in the urine (Tyrell
et al., 1970).  How heat stress affects dietary protein
requirements is ill- defined and more research is
needed in order to generate more appropriate
recommendations.

Fat:
Increasing the amount of dietary fat has been a
widely accepted strategy within the industry in order
to reduce basal metabolic heat production.  As stated
above, the heat increment of fat is over 50% less than
typical forages (Table 1) so it is seemingly a rational
decision to supplement additional lipid and reduce
fiber content of the diet.  However, there are
surprisingly few experiments specifically designed to
evaluate how supplemental dietary fat affects body
temperature indices or even production parameters
(Table 2).  Most experiments report little or no
differences in rectal temperatures (Moody et al., 1967;
Knapp and Grummer 1991; Chan et al., 1997;
Drackely et al., 2003) and only one paper
demonstrated a slight reduction at a specific time of
day but not at the other times (Wang et al., 2010).  In
fact, one report indicated that cows fed additional fat
actually had increased in rectal temperatures
(Moallem et al., 2010) and these same authors and a
recent report (Wang et al., 2010) indicate that
additional fat-fed cows had increased respiration
rates.  A reason why feeding fat does not seemingly
improve the thermal balance of heat-stressed cows is

difficult to rationalize.  It could be that small
decreases in a thermal load would be difficult to
detect at specific but limited time points, but that
these minor changes would accumulate over time
into a significant improvement.  It would be of
interest to evaluate body temperatures in heat-
stressed cows fed additional fat utilizing a
continuous thermometer system (i.e. HOBOs or eye-
button technology).  

Additional fat feeding can sometimes decrease DMI
in thermal neutral cows (Chillard, 1993) but reduced
nutrient intake is typically not observed in heat-
stressed cows fed supplemental fat (Moody et al.,
1967; Skaar et al., 1989; Knapp and Grummer, 1991;
Drackely et al., 2003; Warntjes et al., 2008; Wang et al.,
2010).  Milk yield responses to additional fat are
variable and some authors report no diet effect
(Moody et al., 1967; Knapp and Grummer, 1991; Chan
et al., 1997; Moallem et al., 2010) while others report
an increase in milk yield (Skaar et al., 1989; Drackely
et al., 2003; Warntjes et al., 2008; Wang et al., 2010).
Similar to body temperature indices and milk yield
data, the effects of dietary fat on milk composition
during heat stress also vary and no clear consensus
has been reached (Table 2).  Overall, results from a
limited number of experiments vary, but little or no
apparent benefit was typically observed when
supplemental dietary fat was included.  Reasons for
the discrepancies are unclear, but could be due to the
type of fats used (saturated vs. unsaturated), rate of
inclusion, type of “protection” (i.e. calcium salt vs.
prill), environmental factors (i.e. severity of heat
stress), or other dietary interactions.  Regardless, the
dairy industry (nutritionists) needs additional
controlled experiments (besides theoretical heat
calculations) in order to make intelligent ration
balancing decisions regarding the inclusion of
supplemental fat. 

Water: 
Water intake is vital for milk production (milk is
~87% water) but it is also essential for thermal
homeostasis.  This stresses how important water
availability and waterer/tank cleanliness becomes
during the summer months.  Keeping water tanks
clear of feed debris and algae is a simple and cheap
strategy to help cows remain cool (Baumgard and
Rhoads, 2007)

Dietary Cation-Anion Difference (DCAD):  
Having a negative DCAD during the dry period and
a positive DCAD during lactation is a good strategy
to maintain health and maximize production (Block,
1994).  It appears that keeping the DCAD at a healthy
lactating level (~+20 to +30 meq/100 g DM) remains
a good strategy during the warm summer months
(Wildman et al., 2007).
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Minerals: 
Unlike humans, bovines utilize potassium (K+) as
their primary osmotic regulator of water secretion
from sweat glands.  As a consequence, K+
requirements are increased (1.4 to 1.6% of DM)
during the summer and this should be adjusted for in
the diet.  In addition, dietary levels of sodium (Na+)
and magnesium (Mg+) should be increased as they
compete with K+ for intestinal absorption (West,
2002).

Table 2.
Effects of supplemental dietary fat on production

parameters in lactating cows.

Ref.  Fat Type RT RR DMI FE MY MF MP Metabolites

1 SFA/UFA ↑ ↑ ↓ ↑ �� ↑ �� ↑NEFA
2 SFA ↓ �� �� ↑ ↑ ↑ ↑ ↓NEFA
3 SFA NM NM �� �� ↑ ↓ ↑ NM
4 LCFA �� �� �� ↑ ↑ �� ↓ ↓NEFA
5 SFA �� �� �� �� �� �� �� NM
6 LCFA/Tallow �� �� �� �� �� �� �� NM
7 SFA NM NM �� �� ↑ �� �� ��

8 SFA/UFA �� �� �� �� �� �� �� ��

NM: Not Measured
↑: Increase
↓: Decrease
��: No Change
SFA: Saturated Fatty Acids
UFA: Unsaturated Fatty Acids
LCFA: Long-Chain Fatty Acids

RT: Rectal Temperature
RR: Respiratory Rate
DMI: Dry Matter Intake
FE: Feed Efficiency
MY: Milk Yield
MF: Milk Fat
MP: Milk Protein
NEFA: Non-Esterified Fatty Acids

1  Moallem et al., 2010
2  Wang et al., 2010
3  Warntjes et al., 2008
4  Drackely et al., 2003
5  Chan et al., 1997
6  Knapp and Grummer, 1991
7  Skaar et al., 1989
8  Moody et al.,1967

Summary
Heat stress negatively impacts economic parameters
associated with profitable milk production.
Implementing heat stress abatement strategies is
crucial to minimize fiscal losses.  In addition to
physical barn management, nutritional strategies can
be implemented to help ameliorate summer-induced
losses.  Maintaining rumen health is of primary
importance as heat-stressed cows are more prone (for
a variety of reasons) to rumen acidosis.  Another
widely held dogma is that supplementing dietary fat

is an effective tactic during heat stress and this stems
from theoretical calculations indicating that the heat
increment of feeding is much lower for lipids
(especially compared to roughages).  However, a
review of the limited literature fails to corroborate the
arithmetic heat savings or ultimately demonstrate a
consistent effect on production parameters.  The
dairy industry needs definitive research on whether
or not to include supplemental fat during the warm
summer months.  
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