Heat Damaged Forages: Effects on Forage Energy Content
by Wayne Coblentz, Patrick Hoffman, Dan Undersander

Introduction
Traditionally, the effect of heat damage within forages
has focused on reduced bioavailability of crude protein
(CP) to ruminant animals as a result of Maillard
reactions. The products of these reactions are the
result of complex, multi-step pathways. Typically, the
initial step of Maillard reactions involves the merging of
certain plant carbohydrates (often sugars) with protein
(amino acids). The undesirable consequence of this
reaction is that forage proteins become less digestible
to dairy cows or replacement heifers. However, recent
research has shown that losses of energy from heated
hays are perhaps more important. This Focus on
Forage will highlight new perspectives on energy
losses from heated forages.

How is Forage Energy Calculated?
For many years, empirical equations based on a single
forage component (often ADF) have been used to
predict concentrations of total digestible nutrients
(TDN). These types of equations are still in limited use
today because they are convenient, and require only
minimal laboratory inputs; however, their accuracy for
specific forages can vary dramatically based on a wide
variety of factors, one of which is heat damage. Over
the last decade, most public and private forage-testing
laboratories have adopted the summative approach for
estimating TDN in forage samples (NRC, 2001). The
theory behind this approach is relatively simple;
laboratories analyze forages and other feedstuffs for a
wide range of nutritional components, apply a
digestibility coefficient to each, and then sum the
products to obtain a TDN value for the forage. This
summative concept is summarized below:
TDN = truly digestible nonfiber carbohydrate (TD-NFC)
+ truly digestible crude protein (TD-CP) + truly
digestible NDF (TD-NDF) + [truly digestible fat (TDFAT) x 2.25] – metabolic correction factor.
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In this expression, the metabolic correction factor is
based on extensive research and is a numerical
constant equal to 7 percentage units of TDN. Typically,
concentrations of fat in forages are very low. The most
important truly digestible components summed to
determine the final estimate of TDN for any forage are
TD-NFC, TD-CP, and TD-NDF.

How does spontaneous heating affect truly
digestible nonfiber carbohydrate?
Nonfiber carbohydrate (NFC) is comprised primarily of
plant sugars. In summative equations, the digestibility
coefficient applied to NFC is 0.98. In practical terms,
this implies that the digestibility of NFC is nearly
complete. Therefore, it is critically important to
conserve NFC throughout any harvest and storage
process. Spontaneous heating occurs in moist hays
when either the microflora attached to the hay or stillfunctioning plant cells oxidize sugars during the
process of respiration, yielding carbon dioxide, water,
and heat. In research trials, heating is often measured
as heating degree days > 86oF (HDD), which is a
single number that integrates both the magnitude and
duration of spontaneous heating during storage. A
thorough summary of spontaneous heating in hays, as
well as the calculation of HDD is available at:
www.uwex.edu/ces/crops/uwforage/HeatDamageFOF.pdf
Figure 1 illustrates the relationship between the
change in TD-NFC during storage (poststorage –
prestorage; ∆TD-NFC) and HDD for alfalfaorchardgrass hays made in large-round bales. To
provide a practical perspective, the heating within
these bales ranged from no visual evidence of heating
to pockets of blackened, charred hay within the interior
of the bale. Over this wide range of spontaneous
heating, the maximum depression of TDN associated
with losses of TD-NFC was about 6.2 percentage units,
or about 25% of the original TD-NFC. It also is
important to note that much of this response occurred
within a rather limited range of heating, indicating that
even minor heating is accompanied by a measureable
reduction in the energy available from the hay.
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Figure 1. Relationship between the change in TD-NFC
(poststorage – prestorage; ∆TD-NFC) and HDD for
large-round bales of alfalfa-orchardgrass hay. The
mean prestorage TD-NFC was 25.6%, which
corresponds generally to ∆TD-NFC = 0 on the y-axis.
(Coblentz and Hoffman, 2010)

Figure 2. Relationship between the change in TD-CP
(poststorage – prestorage; ∆TD-CP) and HDD for
large-round bales of alfalfa-orchardgrass hay. The
mean prestorage TD-CP was 16.8%, which
corresponds generally to ∆TD-CP = 0 on the y-axis.
(Coblentz and Hoffman, 2010)

How does spontaneous heating affect
digestible protein?

disadvantage is that acid-detergent lignin is
challenging to quantify, and its determination has been
associated historically with very poor laboratory
repeatability. When forages (hay or silage) heat
spontaneously, many Maillard reaction products are
generated that are recovered as lignin; therefore,
concentrations of lignin are associated very closely and
positively with HDD. In recent studies (Figure 3), lignin
concentrations increased during storage by about 73%
in severely heated hays.

In the summative model, truly digestible crude protein
(TD-CP) is estimated from the expression CP x e -1.2 x
[ADICP/CP]
, where acid-detergent insoluble crude protein
(ADICP) is used to adjust CP digestibility. The rather
complicated multiplier (e -1.2 x [ADICP/CP]) serves as the
digestibility coefficient for CP, and approaches 1.0 in
unheated, high-quality hays. Oftentimes, it is arbitrarily
assigned a value of 0.93 in order to avoid laboratory
determination of ADICP, which is both cumbersome
and expensive. This is a reasonable approximation for
most dairy feeding applications, but it is less
acceptable for heated forages. Across the range of
heating depicted for alfalfa-orchardgrass hays made in
large-round bales (Figure 2), this calculated digestibility
coefficient ranged from 0.94 in unheated hays to a low
of 0.76 for bales incurring the most severe heating.
Overall, the relationship between changes in TD-CP
(poststorage – prestorage; ∆TD-CP) and HDD can best
be explained as a nonlinear decline in which the
maximum depression in severely heated hays was
about 2.6 percentage units of TDN.

How does spontaneous heating affect fiber
(NDF) digestibility?
Unlike the other component parts of the summative
model, truly digestible NDF (TD-NDF) can be
determined by two distinctly different methods. One
approach (TD-NDFlig) requires inputs of lignin, NDF,
and quantification of residual CP in the NDF residue.
The main advantages of this method are that it
requires only laboratory inputs, and it does not require
rumen fluid or a fistulated donor animal. The main
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An alternative method for determining TD-NDF
requires inputs of NDF and a 48-hour in vitro
determination of digestible fiber (NDFD; see
www.uwex.edu/ces/crops/uwforage/NDFDig.html ).
The product of these inputs (TD-NDFndfd) often is used
as a proxy for the TD-NDFlig method described
previously. For our data set of large-round bales of
alfalfa-orchardgrass hay, NDFD was poorly related to
HDD; in fact, there was no statistical relationship at all
if the four most severely heated hays were excluded
from the data set (Figure 4). Although estimates of
NDFD were largely nonresponsive to spontaneous
heating, concentrations of NDF increased sharply in
these same hays (Figure 5). It is important to note that
concentrations of NDF in hays generally do not
increase because more fiber is formed as a
consequence of spontaneous heating. Rather, NDF
concentrations increase because other (more
desirable) forage components, such as plant sugars,
are lost through respiration or volatilization.
Side-by-side comparisons of the relationships between
TD-NDF and HDD determined by both methods
(Figure 6) illustrate several important points:
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1) There is little difference between the TD-NDFlig and
TD-NDFndfd methods for determining TD-NDF when
hays are well managed and incur limited heating during
storage.

4.0
3.0
2.0
1.0
0.0
0

600

1200

1800

2400

3000

3600

-1.0
o

Heating Degree Days > 86 F

Figure 3. Relationship between the change in
concentrations of acid-detergent lignin (poststorage –
prestorage; ∆Lignin) and HDD for large-round bales of
alfalfa-orchardgrass hay. The mean prestorage
concentration of lignin was 5.5%, which corresponds
generally to ∆Lignin = 0 on the y-axis. (Coblentz and
Hoffman, 2009)
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3) Net effects of spontaneous heating on TD-NDF are
mildly positive when the TD-NDFndfd method is used.
This occurs because estimates of NDFD are largely
unresponsive to heating (Figure 4), but the overall
concentration of forage fiber (NDF) increases sharply
(Figure 5) over the same range of heating.
4) The differential between estimates of TD-NDF
determined by the TD-NDFlig and TD-NDFndfd methods
may be as large as 4 percentage units of TDN in
modest to severely heated hays.
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Figure 4. Weak linear relationship between 48-hour
NDFD and HDD for large-round bales of alfalfaorchardgrass hay. The initial concentration of NDFD
was 48.1% of NDF, which corresponds to 0 (no
change) on the y-axis. (Coblentz and Hoffman, 2009)
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2) In modest to severely heated hays, the TD-NDFlig
method will yield lower estimates of TD-NDF, relative
to the TD-NDFndfd method, primarily because
concentrations of artifact lignin increase sharply in
response to heating (Figure 3).
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Figure 5. Nonlinear relationship between
concentrations of NDF and HDD for large-round bales
of alfalfa-orchardgrass hay. The initial concentration of
NDF was 46.5%, which corresponds to 0 (no change)
on the y-axis. (Coblentz and Hoffman, 2009)
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Figure 6. Net contributions of TD-NDF to total TDN
estimates for large-round bales of alfalfa-orchardgrass
hay. The symbol ● indicates evaluations of TD-NDF
were made by the TD-NDFlig method, while ○ indicates
evaluations were made by the TD-NDFndfd method for
the same hays. The prestorage concentration of TDNDF was 20.8%, which corresponds generally to 0 (no
change) on the y-axis. (Coblentz and Hoffman, 2010)

After quantifying all the components
contributing to the total TDN estimate,
what are the net effects of spontaneous
heating on the total TDN estimate?
For the same set of hay bales discussed throughout
this Focus on Forage, net effects of heating on
estimates of TDN decreased in curvilinear patterns
(Figure 7). In severely heated hays, reductions in TDN
reached 9 to 12 percentage units, depending on
methodology, which constitutes an enormous energy
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loss. Roughly 50 to 75% to of this loss was associated
specifically with losses of TD-NFC (Figure 1). The
effect of heating on TDN content within hays is further
compounded because the relationship between TDN
and heating is not a steady linear decline. Rather, the
effects are somewhat ‘front loaded’; in other words,
almost all of the losses for TDN are associated with
only modest levels of heating. For severely heated
hays, there is relatively little additional loss. Finally, the
divergent estimates of TD-NDF created by the TDNDFlig and TD-NDFndfd analytical approaches are
clearly evident in Figure 7; TDN losses determined by
the TD-NDFlig method were greater by 2 to 4
percentage units in severely heated hays.
Overall, energy losses from heated hays have often
been ignored in the past, with more educational
emphasis placed on CP availability. This past
emphasis is still important, but it often results in an
understatement of the problem. Spontaneous heating
becomes an increasingly likely phenomenon as hay
packages become larger; associated losses of energy
as a result of spontaneous heating are a serious
problem at least equal in scope to depressions in CP
availability.
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to the concentration of NDF in the forage, as well as
the 48-hour in vitro digestibility of that NDF. In practice,
there often are questions about whether the NDF
concentration should be corrected for any residual CP
associated with the forage NDF fraction (often
abbreviated as NDICP). For unheated, high-quality
legume hays, this fraction is relatively small, and this
potential error often is either ignored entirely or a
standard value based on past research is applied. In
contrast, quantification of NDICP is already a required
input for the TD-NDFlig method of estimating TD-NDF,
although it may be circumvented by similar shortcuts in
some laboratories. Recent research suggests that
rather large errors in estimates of TD-NDF can occur
when ‘shortcut’ concentrations of NDICP are used for
heated hays. All estimates of TD-NDF should be
corrected for NDICP if there is any corroborating
evidence of heating during storage.
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Figure 7. Net effects of spontaneous heating on TDN
estimates for large-round bales of alfalfa-orchardgrass
hay. The symbol ● indicates that evaluations of TDNDF were made by the TD-NDFlig method, while ○
indicates use of the TD-NDFndfd method for the same
hays. The prestorage concentration of TDN was
57.8%, which corresponds generally to 0 (no change)
on the y-axis. (Coblentz and Hoffman, 2010)

Are there any other analytical issues that
are important when analyzing for TDN in
heated hays?
One additional consideration is worthy of discussion.
The summative model approach described by NRC
(2001) specifies that the TD-NDFndfd method can serve
as an alternative or proxy method for estimating TDNDFlig. Within this context, specified inputs are limited
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