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ABSTRACT: To determine the effect of harvest
method and ammoniation on both in vivo and in
vitro digestibility of corn residue, six corn residue
treatments consisting of three different harvest
methods either with or without anhydrous ammo-
nia chemical treatment (5.5% of dry matter [DM))
were evaluated. The harvest methods included con-
ventional rake-and-bale (CONV) and New Holland
Cornrower with eight rows (8ROW) or two rows
(2ROW) of corn stalks chopped into the windrow
containing the tailings (leaf, husk, and upper stem)
from eight rows of harvested corn (ammoniated
bales of each harvest method resulted in treatments
COVAM, 8RAM, and 2RAM). Nine crossbred
wether lambs (49.2 + 0.5 kg BW) were fed 64.2%
corn residue, 29.8% wet corn gluten feed, 3.3%
smooth-bromegrass hay, and 2.8% mineral mix
(DM basis) in a 9 X 6 Latin rectangle metabolism
study with a 3 X 2 factorial treatment to measure
total tract disappearance. Six 21-d periods consisted
of 14-d adaptation and 7-d total fecal collection,
and lambs were fed ad libitum (110% of the pre-
vious day’s DM intake [DMI]) during days 1 to 12
and reduced to 95% of ad libitum intake for days 13
to 21. There was a harvest method by ammoniation
interaction (P < 0.01) for ad libitum DMI (days 7
to 11). Ammoniation increased (P < 0.01) intake
across all harvest methods, where 2RAM DMI was

4.1%, COVAM was 3.6%, and 8RAM was 3.1%,
which were all different (P < 0.01) from each other,
but all untreated residues were consumed at 2.6% of
BW (P > 0.92) regardless of harvest method. There
were no interactions (P > 0.34) between harvest
method and ammoniation for any total tract or in
vitro digestibility estimate. Harvest method affected
(P < 0.04) DM, neutral detergent fiber (NDF),
and acid detergent fiber (ADF) digestibility, where
2ROW was greater than both CONYV and SROW,
which did not differ. The organic matter (OM)
digestibility (P = 0.12) and digestible energy (DE;
P =0.30) followed the same numerical trend. Both
in vitro DM digestibility (IVDMD) and in vitro OM
digestibility (IVOMD) of the residue were affected
(P < 0.01) by harvest method, with 2ROW being
greater (P <0.01) than both CONV and 8ROW. For
IVDMD, 8ROW was not (P = 0.77) different from
CONY, but SROW IVOMD was lower (P = 0.03)
than CONV. Ammoniation improved (P < 0.01)
DM, OM, NDEF, and ADF digestibility of all har-
vest methods, resulting in a 26% increase (P < 0.01)
in DE due to ammoniation. Similar digestibility
improvements were observed in vitro with ammoni-
ation improving IVDMD and IVOMD by 23% and
20%, respectively. Both selective harvest methods
and ammoniation can improve the feeding value of
baled corn residue.
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INTRODUCTION

Corn residue has been a valuable low-cost feed
resource for cattle for many decades (Ward et al.,
1979; Klopfenstein et al., 1987). More recently, the
U.S. ethanol industry expansion from 2000 to 2009
resulted in the conversion of perennial pasture and
hay acres to more high-value corn acres, which lead
to reduced perennial forage resources but increased
availability of corn residue in the Midwestern
region of the United States (Wallander et al., 2011).
In addition, demand for substrate for the cellulosic
ethanol industry resulted in a robust market for
baled corn residue (Wilhelm et al., 2007). Survey
data indicate that 0.81 million ha in the United
States were baled in 2010 (Schmer et al., 2017), and
usage of baled corn residue in combination with
ethanol byproducts has increased in growing and
finishing diets in the Midwest (Klopfenstein et al.,
2013).

Differences in corn plant part digestibility have
been observed, with several studies showing greater
digestibility of husk and leaf compared to stem,
with cob being more similar to leaf in some cases
and stem in others (Weaver et al., 1978; Fernandez-
Rivera and Klopfenstein, 1989; Gutierrez-Ornelas
and Klopfenstein, 1991; Stalker et al., 2015). As
such, corn harvesting and baling technologies that
alter the proportions of plant parts in the baled res-
idue can potentially improve the feeding value of
corn residue by increasing the proportion of more
digestible parts (husk) compared with less digestible
parts (stem). The New Holland Cornrower Corn
Head (Straeter, 2011; Craig Welding, Mentone, IN)
can vary the proportion of stem to leaf, husk, and
cob (tailings) in the baled windrow by chopping
and including either 2, 4, 6, or 8 rows of stem in the
windrow for baling. Previous work has shown that
a low-stem bale produced with the Cornrower (two
rows chopped and added to the windrow) produces
a more digestible bale when compared with conven-
tionally harvested rake-and-bale (King et al., 2017).

In addition, ammoniation improves both digest-
ibility and intake of low-quality forages, including
corn residue (Horton and Steacy, 1979; Morris and
Mowat, 1980; Saenger et al., 1982; Grotheer et al.,
1986; Mason et al., 1988). However, the magnitude
of improvement in the digestibility of forages has
been observed to be greater for forages that have
greater lignin content (less digestible forages) as the
proposed mechanism of action for ammoniation
is the hydrolyzing of the lignohemicellulose bonds
(Knapp et al., 1975; Sewalt et al., 1996). Selective
harvest technologies are hypothesized to change the

proportion of more digestible corn plant parts to
result in a more digestible bale. Although the utility
of ammoniation has been shown for corn residue,
effects of combining ammoniation with selective
harvest methods are unknown. The hypothesis was
that increasing the digestibility of the corn resi-
due bales through harvest method would result in
reduced effects of ammoniation. Thus, the objec-
tive of this study was to determine the effect of har-
vest method in conjunction with ammoniation on
the in vivo and in vitro digestibility and intake of
baled corn residue in lambs.

MATERIALS AND METHODS

Animal care and management procedures used
were reviewed and approved by the University
of Nebraska Institutional Care and Animal Use
Committee (IACUC protocol #1282).

Corn Residue Harvest and Ammoniation

All corn residue was harvested in November
from the same nonirrigated field and hybrid, cut at
approximately 20 to 25 cm above the soil surface.
The control residue was harvested using conven-
tional rake-and-bale methods (CONYV), which con-
sisted of corn tailings (husk and cob) and stem and
leaf material being gathered with a hay rake after
harvest to create windrows of material, which was
baled. A New Holland Cornrower Corn Head at-
tachment (Straeter, 2011) was used to harvest the
rest of the field, which resulted in two different
treatments. The Cornrower attachment has eight
individual chopping units underneath the corn
head, which can be turned on or off in pairs, and
the corn stem and leaf that is harvested is chopped
and dropped directly into the resulting windrow
without raking. In this study, the corn was har-
vested with either all eight rows or only two rows of
stem and leaf chopped and added to the windrow
(8ROW and 2ROW). Total yield of residue removed
from the field for each of the baling methods was,
4.97 t DM/ha for CONY, 5.04 t DM/ha for 8ROW,
and 0.94 t DM/ha for 2ROW. A random selection
of 12 bales (90% DM) from each of the harvest
methods were stacked in a pyramid arrangement
on top of 6-mm black plastic, with treatments ran-
domly distributed throughout the stack. Bales were
covered using 6-mm black plastic, and composted
soil was piled around the base of the stack to seal
the edges. Anhydrous ammonia was applied via one
injection point at 5.5% of DM in July of 2015, and
the cover remained in place for 33 d. Average daily
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ambient temperature recorded for Wahoo, NE, for
the month of July ranged between 17.2 and 28.9 °C,
with average temperature recorded at 23.9 °C. This
resulted in three additional residue treatments: con-
ventional ammoniated (COVAM), 8-Row ammoni-
ated (SRAM), and 2-Row ammoniated (2RAM).

Lamb Digestibility Trial

Nine crossbred wether lambs (49.2 + 0.5 kg BW)
were fed in a 126-d metabolism trial usinga 9 X 6
Latin rectangle design with a 3 X 2 factorial treat-
ment structure. Treatment diets consisted of corn
residue harvested using the three different methods:
CONY, 8ROW, or 2ROW as described previously.
The chemical treatment factor entailed feeding
residue from each harvest method either untreated
or ammoniated (COVAM, 2RAM, and SRAM).

Diets consisted of 64.2% corn residue, 29.8%
wet corn gluten feed (Sweet Bran, Cargill Wet
Milling, Blair, NE), 3.3% smooth-bromegrass
hay, 0.75% limestone, and 2.0% trace mineral sup-
plement on a DM basis (Table 1). The nutrient
composition of the diets and the individual resi-
dues is reported in Table 2. Diets were fed over six
21-d periods, which consisted of 14-d adaptation
and 7-d total fecal collection. Lambs were fed ad
libitum (110% of the previous day’s DM intake
[DMI]) during days 1 to 12 and reduced to 95%
of ad libitum intake for days 13 to 21. Feeding
occurred twice daily at approximately 0800 and
1500, and feed refusals were collected, weighed,

Table 1. Composition of six treatment diets fed
to lambs consisting of three differently harvested
corn residues with and without ammoniation. Corn
residue utilized was harvested using either conven-
tionally harvested rake-and-bale (CONYV), New
Holland Cornrower! header with all eight rows of
corn plant added to the windrow (SROW), or with
only two rows added to the windrow (2ROW)

% of diet DM?
Corn residue? 64.18
Wet corn gluten feed* 29.76
Brome grass hay 3.31
Supplement’ 2.75

"New Holland, Craig Welding, Mentone, IN.

DM = dry matter.

SAmmoniated diets were formulated using portions of the same
residue that was ammoniated at 5.5% DM (COVAM, 8RAM, and
2RAM).

4Sweet Bran, Cargill Wet Milling, Blair, NE.

SSupplement consisted of 0.75% limestone and 2.0% commercial
sheep trace mineral.

and fed back during the adaptation period. Intakes
were recorded daily, and values from days 7 to 11
were used for analysis of total diet intake. During
the adaptation period, lambs were housed in indi-
vidual pens with grate floors, individual feed bunks
and automatic spout waterers, with each pen meas-
uring approximately 1.5 m X 1 m.

At the end of the diet adaption period, lambs
were moved to individual metabolism crates and
fitted with harnesses and fecal collection bags.
Prior to the beginning of the study, the lambs were
trained and adapted to the metabolism crates and
fecal bags. Total fecal output was collected twice
daily beginning on day 14 at approximately 0800
and 1500, weighed and retained in a 2.7 °C cooler
for the duration of the collection period. Feed re-
fusals were collected at feeding, weighed to deter-
mine feed allocation for the day, fed back, and any
orts remaining at the end of the collection period
were retained for analysis. Both fecal material and
refusals were composited by lamb at the end of the
collection period, and three subsamples were taken
for analysis. Samples were dried in a 60 °C forced
air oven (orts for 48 h and feces for 72 h) and then
ground through a I-mm screen in a Wiley mill.

Diet and fecal samples were analyzed for dry
matter (DM), organic matter (OM), neutral deter-
gent fiber (NDF), acid detergent fiber (ADF), and
digestible energy (DE). Ground feed and fecal sam-
ples were dried in a 100 °C oven for 24 h to deter-
mine lab-adjusted DM and then incinerated in a
muffle furnace at 600 °C for 6 h to determine the
ash content to calculate OM. Both NDF and ADF
were determined by refluxing 0.5000 to 0.5040 g of
sample in beakers for 1 h with 0.5 g of sodium sulfite
and then filtered and rinsed with acetone (Van Soest
et al., 1991). Energy was measured using bomb cal-
orimetry (6400 Automatic Isoperibol Calorimeter,
Parr Instrument Co., Moline, IL). Total tract ap-
parent digestibility was calculated using DM, OM,
NDF and ADF disappearance, and DE was calcu-
lated using gross energy values.

To calculate the digestibility and DE of the
corn residues, lambs were fed the nonresidue por-
tion of the diet in a separate 17-d period prior to
the beginning of the study (86.2% wet corn gluten
feed [Sweet Bran, Cargill Wet Milling, Blair, NE],
9.6% brome grass hay, 2.2% limestone, 2.0% trace
mineral supplement). Digestibility and energy
values for the nonresidue components of the diet
were calculated for each individual lamb from
this period and applied to the same animal’s cor-
responding values obtained during the subsequent
trial. The mean digestibility of the nonresidue diet
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Table 2. Nutrient composition of total diet and corn residue based on laboratory analysis. Corn residue
utilized was harvested using harvest methods of either conventionally harvested rake-and-bale (CONYV),
New Holland Cornrower! header with all eight rows of corn plant added to the windrow (8ROW), or with
only two rows added to the windrow (2ROW). Ammoniated diets were formulated using portions of the

same residue that was ammoniated at 5.5% DM (COVAM, SRAM, and 2RAM)

Unammoniated

Ammoniated

CONV SROW 2ROW COVAM SROW 2ROW
Total diet nutrient composition?
DM, % 77.4 76.6 76.7 71.2 75.1 74.4
OM, % 91.3 91.8 94.5 92.0 92.7 94.2
NDF, % 65.4 68.6 70.8 60.2 61.5 63.9
ADF, % 38.7 37.7 374 364 36.3 38.0
CP, % 10.5 10.1 8.9 15.8 14.8 14.4
Residue nutrient composition
oM, % 91.4 91.9 96.8 91.8 94.1 97.0
Ash, % 8.6 8.1 3.2 8.2 5.9 3.0
NDF, % 78.4 78.4 83.3 72.3 74.0 71.2
ADF, % 52.3 51.5 49.9 51.1 52.3 51.8
CP, % 4.6 5.0 4.0 12.6 11.1 11.5

"New Holland, Craig Welding, Mentone, IN.

DM = dry matter, OM = organic matter, NDF = neutral detergent fiber, ADF = acid detergent fiber, CP = crude protein.

was 75.7%, 79.2%, 76.4%, and 65.6% for DM, OM,
NDF, and ADF, respectively. The mean DE of the
nonresidue proportion of the diet was 3.64 Mcal/
kg.

In Vitro Digestibility

To estimate the ruminal digestibility of the
residue component of the diet, in vitro analyses
were conducted in a water bath using methods
described by Tilley and Terry (1963), McDougall
(1948), and Mertens (1993). Rumen fluid was col-
lected from two donor steers consuming a diet of
50% brome grass hay and 50% wet corn gluten feed
(Sweet Bran, Cargill Wet Milling, Blair, NE). Corn
residue samples taken during periods 1, 3, and 6 of
the lamb trial were incubated for 48 h in triplicate,
and the incubation was repeated to account for
run-to-run variation. Corn residue standards were
incubated simultaneously, and values were adjusted
according to known in vivo values (Stalker et al.,
2013). Samples were filtered and dried to obtain in
vitro DM digestibility (IVDMD), and then filters
were incinerated in a 600 °C muffle furnace for 6 h
to obtain in vitro OM digestibility (IVOMD).

Statistics

Data were analyzed using the MIXED pro-
cedure in SAS 9.2, and significance was declared
at o = 0.05, with tendencies declared at P < 0.10.

Period, harvest method, and bale treatment (ammo-
niation) were tested as fixed effects, and lamb was
the experimental unit. Harvest method and treat-
ment interactions were tested and removed from
the model if not significant, and in such cases,
only main effects were assessed. Response vari-
ables included DM, OM, NDF, and ADF total
tract digestibility, DE, and DMI as a percent of
BW. The in vitro digestibility data were analyzed
using the GLIMMIX procedure. The mean used
in the statistical analysis was the average of each
sample across the two runs. Treatment and harvest
method were analyzed at fixed effects. The interac-
tion between harvest method and treatment was
initially included in the model but was removed as
it was not significant.

RESULTS

There was a harvest method by ammoniation
interaction (P < 0.01) for ad libitum DMI (days 7
to 11) of lambs. Ammoniation increased intake for
all harvest methods compared with unammoniated
residue intake, but the amount of response varied
among harvest method. The intake of diets con-
taining nonammoniated residue did not differ (P 2
0.92) among harvest methods at 2.6% BW (Figure
1), but ammoniated residue intake was greatest for
2RAM at 4.1% BW, intermediate for COVAM at
3.6% BW and 3.19% BW for 8RAM, which were all
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different (P = 0.03) from each other as well as the
nonammoniated diets.

There were no harvest method by ammoni-
ation interactions (P > 0.82) for OM, DM, NDF,
ADF digestibility, or DE; thus, main effect means
are presented (Table 3). Harvest method affected
DM digestibility (P = 0.04), and OM digestibil-
ity followed the same numerical trends but was
not statistically different (P = 0.12) among treat-
ments. Compared with conventional, harvesting
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Figure 1. Dry matter intake (ad libitum) of total diet for lambs
when fed diets containing corn residue at 64% of diet dry matter (DM)
that was harvested using either rake-and-bale (CONV), New Holland
Cornrower header (Craig Welding, Mentone, IN) with all eight
rows of corn plant added to the windrow (8ROW), or New Holland
Cornrower header with only two rows added to the windrow (2ROW).
Ammoniated diets (COVAM, 8RAM, or 2RAM) utilized corn residue
from the same harvest methods, but were treated with anhydrous am-
monia at 5.5% of DM. There was a harvest method by ammoniation
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with the New Holland Cornrower with two rows
increased DM digestibility by 15% (7 percentage
units; P = 0.01), but harvesting with eight rows
resulted no difference (6%; 2.6 percentage units;
P =0.34) in DM digestibility. The effect was more
pronounced in NDF digestibility, as the 2ROW
harvest increased NDF digestibility by 46% (19.9
percentage units; P < 0.01) and the SROW harvest
increased by 27% (11.9 percentage units; P = 0.01)
over conventionally harvested residue. The ADF
digestibility of the residue was affected (P < 0.01)
by harvest method. There was a numerical increase
in ADFD of 4.6% (2.3 percentage units; P = 0.40)
from CONV to 8ROW, but a 23.6% (11.7 percent-
age units; P <0.01) increase from CONV to 2ROW.
There was no effect (P = 0.30) of harvest method
on DE.

Ammoniation improved (P < 0.01) DM, OM,
NDF, and ADF digestibility of all harvest meth-
ods, resulting in a 24%, 21%, 37%, and 19.6% in-
crease, respectively (Table 3). Similarly, there
was a 26% (P < 0.01) improvement in DE due to
ammoniation.

There was no interaction (P > 0.34) between
harvest method and ammoniation for IVDMD
or IVOMD (Table 4). Both harvest method and
ammoniation affected (P < 0.01) IVDMD and
IVOMD of the corn residue. For IVDMD, there
was no difference (P = 0.69) between CONV and
8ROW, but 2ROW was 14% more (P < 0.01) digest-
ible than the other harvest methods. The IVDMD
of the ammoniated residue increased (P < 0.01) by
20% when compared with the unammoniated res-
idue. This pattern was similar to IVOMD, where
the 2ROW residue was greater (P < 0.01) than both

Table 3. Effect of harvest method (HM) and ammoniation (AM) on total tract DM, OM, NDEF, and ADF
digestibility', and DE content of the corn residue component of the diet fed to lambs

Harvest method? Treatment? P-values*
Item?® CONV SROW 2ROW Untreated Ammoniated SEM HM AM
DM digestibility, % 44.7° 47.3° 51.7 42.88 53.04 1.86 0.04 <0.01
OM digestibility, % 50.5 51.5 554 47.48 57.54 1.71 0.12 <0.01
NDF digestibility, % 60.0° 64.8° 68.9* 59.88 69.44 1.36 <0.01 <0.01
ADF digestibility, % 49.6° 51.9° 61.32 49.48 59.14 1.89 <0.01 <0.01
DE, Mcal/kg 1.73 1.76 1.88 1.588 1.994 0.060 0.30 <0.01

'Total tract digestibility of the corn residue component was calculated by difference using disappearance values obtained from the same lambs
fed only the nonresidue components of the diet.
2Corn residue utilized was harvested using harvest methods of either conventionally harvested rake-and-bale (CONV), New Holland Cornrower
(Craig Welding, Mentone, IN) header with all eight rows of corn plant added to the windrow (§ROW), or with only two rows added to the windrow

(2ROW).

SAmmoniated corn residues had anhydrous ammonia applied at 5.5% DM.
*Means lacking common superscripts within factor are significantly different (P < 0.05). All interactions between HM and AM were not signifi-

cant (P > 0.55).

DM = dry matter, OM = organic matter, NDF = neutral detergent fiber, ADF = acid detergent fiber, DE = digestible energy.
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Table 4. Effect of harvest method (HM) and ammoniation (AM) on IVDMD and IVDMD of corn residue

Harvest method' Treatment? P-values®
CONV SROW 2ROW Untreated Ammoniated SEM HM AM
IVDMD, %* 52.0° 51.8° 59.1# 49,38 59.34 0.53 <0.01 <0.01
IVOMD, % 56.9° 55.5% 62.8° 53.58 63.34 0.71 <0.01 <0.01

!Corn residue utilized was harvested using harvest methods of either conventionally harvested rake-and-bale (CONV), New Holland Cornrower
header (Craig Welding, Mentone, IN) with all eight rows of corn plant added to the windrow (8ROW), or with only two rows added to the windrow

(2ROW).

2Ammoniated corn residues had anhydrous ammonia applied at 5.5% DM.

*Means lacking common superscripts within factor are significantly different from each other (P < 0.05). All interactions between HM and AM

were not significant (P > 0.34).

“IVDMD = in vitro dry matter digestibility; IVOMD = in vitro organic matter digestibility.

8ROW and CONYV, with only a tendency (P = 0.08)
for the latter two to be different. The IVOMD of
the ammoniated residue was 20% greater (P < 0.01)
than the unammoniated residue.

DISCUSSION

New corn harvesting and baling technologies
designed to improve field efficiency have emerged
to meet agronomic demands for more versatile
equipment. Implements such as the New Holland
Cornrower, while not specifically designed with the
intention of selective harvest, will produce a bale
with altered proportions of various plant parts by
decreasing the number of rows of chopped stem
added to the windrow while forming a mat for the
tailings of husk and cob. Theoretically, this de-
creases the proportion of less digestible part (stem)
to more digestible corn plant parts in the subsequent
bale (Gutierrez-Ornelas and Klopfenstein, 1991).
Based on this, digestibility of the baled residue
should be improved when stem is decreased and/or
husk is increased, and the digestibility values pre-
sented in this study for the unammoniated residue
bales are consistent with previous work investigat-
ing this selective harvest method (King et al., 2017).

Previous work with the Cornrower observed
increased IVOMD, total tract DM and OM digest-
ibility and DE of 2ROW compared with SROW
and CONYV, which did not differ (King et al.,
2017). This demonstrates that decreasing the num-
ber of rows of stem added to the windrow (SROW
vs. 2ROW) can result in improved digestibility
of the baled product. The higher OM content of
the 2ROW compared with the CONV and SROW
indicates that either the Cornrower with 2ROW
reduced dirt contamination or it reduced the pro-
portion of plant parts with higher ash content, par-
ticularly the leaf (Lanning et al., 1980). The lower
ash content of the 2ROW is an influencing factor
in the improvement in digestibility as evidenced by

the changes in differences between DM and OM
digestibility of 2ROW compared with both CONV
and 8ROW. For instance, the DM digestibility of
2ROW was 7% units greater than CONYV, but OM
digestibility was only 5% units greater.

It should be noted that in the present study and
that of King et al. (2017), the in vivo values were
determined using lambs as a model for total tract
digestibility. Therefore, these data should only con-
stitute comparative values for residues as they are
not representative of digestibility that would be ob-
served when fed to cattle given that sheep are less
efficient at digesting low-quality forages than cattle
(Prigge et al., 1984; Soto-Navarro et al., 2014).
Similar to what was observed by King et al. (2017),
the in vitro values were numerically greater than the
in vivo values though the pattern and relative differ-
ences among treatments remained consistent.

Ammoniation will result in more digestible for-
age by acting specifically to increase surface area
and accessibility to the structural carbohydrates,
essentially “unlocking” more fermentable potential
in the forage, which will increase ruminal passage
rate and DMI (Berger et al., 1994). Therefore, the
overall improvement in digestibility observed in
this study with ammoniation of the corn residue
is not unexpected. Likewise, the increase in intake
due to ammoniation was not unexpected. There is
abundant evidence in the literature that ammonia-
tion will increase DMI due to the improvement in
digestibility, leading to increased passage rate, and
in some cases also as a result of increased nitrogen
from the ammonia, leading to increased RDP and
thus improved microbial efficiency (Hershberger
et al., 1959; Horton and Steacy, 1979; Paterson
etal., 1981; Saenger et al., 1982; Zorrilla-Rios et al.,
1985; Brown et al., 1987; Krueger et al., 2008). For
instance, Saenger et al. (1982) observed corn res-
idue ammoniated at 2% DM increased DMI of
steers by 31% compared with nonammoniated corn
residue when fed ad libitum with a corn supplement
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at approximately 0.4% of BW (0.91 kg/h/d), and
the DM digestibility of the residue increased from
55.4% to 62.1%. In their study, the response is likely
due to both the increase in the accessibility of the
structural carbohydrates and the increase in nitro-
gen available to the microbes.

Paterson et al. (1981) fed ad libitum corn res-
1dues that were ammoniated at either 2%, 3%, or 4%
of DM with anhydrous ammonia to lambs (supple-
mented with blood meal at 3.3% of diet DM) and
compared DMI with nonammoniated corn residue
(fed with 3.3% blood meal and 1% urea). The intake
increased linearly (P < 0.05) with level of ammonia-
tion, with the increase from unammoniated residue
to the 4% ammoniated residue being 150% (398 to
997 g/d). Given that urea was provided to lambs
fed the nonammoniated residue this response is
likely only due to changes in the accessibility of the
structural carbohydrates as a result of the ammo-
niation process. Similarly, in the present study, the
RDP available in the nonammoniated diets would
not have been limiting, and thus the improvement
in intake was due to accessibility of the structural
carbohydrates when the residue was ammoniated.

The novel aspect of this trial was to determine
if harvest method and ammoniation would interact
resulting in differential responses among harvest
methods to ammoniation. Although the overall
effect of ammoniation between the treated and
untreated bales was not unexpected, the working
hypothesis was that the effect would be lower in
magnitude for the more digestible harvest methods.
However, 2ROW appeared to have a similar re-
sponse to ammoniation with a 10.5% unit increase
in DM digestibility compared with 8.8% and 11.3%
for CONV and 8ROW, respectively. This lead to an
additive response with the 2RAM (56.9%) being
16.6% units greater in DM digestibility than the
CONYV (40.3%). There is no available literature
on the effect of ammoniation with selective har-
vest methods and the data available on the poten-
tial for differential responses of the various corn
plant parts to chemical treatment is inconsistent.
There is some evidence to suggest that corn plant
parts respond to ammoniation to different degrees.
Ramirez et al. (2007) alkali treated corn residue
and corn cobs with feed grade urea at 0%, 4.5%,
and 6% of DM and showed that the in situ effective
degradability of DM (EDDM) in lambs increased
by 14.6% and 26% over the control for residue, and
by 55.0% and 40.0% for cobs as treatment level in-
creased. The corn residue responded linearly, but
the corn cobs did not, with both the 4.5% and 6%
levels of treatment being not different (P > 0.05)

from each other. This suggests that not only do
cobs show greater improvement in digestibility due
to chemical treatment, but they also reached their
maximum capacity for chemical reaction before the
whole corn residue, raising the possibility that the
inherent differences in the cellular structure of the
different corn plant parts means that each part will
respond differently to chemical treatment (Grabber,
2005). Conversely, Oji et al. (2007) treated corn
husks, cobs, and stems with an aqueous ammonia
and feed grade urea at 3% of DM and found that
while the improvement in IVDMD was statistically
greater than untreated control plant parts, there was
no statistical difference between the three different
plant parts. There was no interaction observed be-
tween the different plant parts, and numerical dif-
ferences observed in IVDMD were 14% to 15%
increase for stems, 16% to 17% increase for husks,
and 14% to 15% improvement for cobs. Although
there is no clear reason for the different responses
in these two studies, it illustrates the need for more
targeted investigation into the potential differential
response of corn plant parts to chemical treatment.

In the present study, there was an interaction be-
tween harvest method and ammoniation for DMI,
with ammoniation increasing DMI by 57.7% for
2RAM, 38.5% for COVAM, and 19.2% for SRAM.
This differential response again suggests an additive
effect of ammoniation although the interaction was
not detectible in total tract or in vitro digestibility.
This could be due to the changes in plant part pro-
portion and different response of animal intake for
each of the different plant parts when ammoniated.
The 2ROW would have the lowest proportion of
stem relative to CONV and 8ROW, and the greatest
proportion of cob. Also, it has been suggested that
the 8ROW would preserve more tailings (cob, leaf,
and husk) for baling and thus the proportion of
stem harvested may be less. However, the intake
and digestibility data suggest that there was not an
advantage of the SROW over CONV. There was a
qualitative observation that the animals ate the am-
moniated residue with greater enthusiasm and less
sorting when ammoniated, particularly the ammo-
niated cobs. This suggests that the DMI response
may be due not only to changes in digestibility but
also to changes in palatability; however, this was
not measured. Once again, the evidence is not clear
as to whether ammoniation will affect corn plant
parts differentially, and this should be explored
further.

Despite the increase in digestibility, the 2ROW
bales yielded only about 22% of the digestible
DM/ha that CONV and 8ROW harvest methods
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yielded. This is a direct result of reduced residue
removal from the field, where the CONV and
8ROW methods removed about 50% of the corn
residue compared with only 10% with the 2ROW.
Although the 2ROW harvest method yielded fewer
bales of higher digestibility, there was also consid-
erably more undisturbed residue remaining on the
field for soil cover. Recommended corn residue re-
moval rates vary regionally based on yield, climate,
geography, soil type, and tillage practices, and in
many instances, leaving more residue in the field
can have positive effects on soil organic carbon, re-
duced soil erosion, and increased subsequent crop
yields (Wilhelm et al., 2004; Blanco-Canqui and
Lal, 2009). In this regard, any changes in digest-
ible DM yield due to harvest method would need
to be evaluated in a whole system context including
animal, soil, and crop impacts.

CONCLUSIONS

Harvest methods of corn residue that change
the proportion of different plant parts can alter
the digestibility and subsequent feeding value of
baled corn residue. Compared with a conventional
rake-and-bale system, a 5% improvement in DM
digestibility was observed using the Cornrower
attachment chopping only two rows of stem, but
it had no impact on intake of nonammoniated
residue. A much greater increase in DM digest-
ibility (10% units) and an increase in intake were
observed with ammoniation of the corn residue.
The data presented in this study demonstrate the
continued utility of ammoniation as a practical and
effective method of improving digestibility of corn
residue for use in ruminant diets. Most importantly,
this study shows that ammoniation and selective
harvest effects are additive, resulting in significant
improvements in both digestibility (16% units) and
intake of corn residue.

LITERATURE CITED

Berger, L.L., G.C. Fahey, L.D. Bourquin, and E.C. Titgemeyer.
1994. Modification of forage quality after harvest. In:
G.C. Fahey, editor. Forage quality, evaluation, and utili-
zation. Madison (WI): American Society of Agronomy,
Inc.; p. 922-966.

Blanco-Canqui, H., and R. Lal. 2009. Crop residue removal
impacts on soil productivity and environmental quality.
Crit. Rev. Plant Sci. 28:139-163.

Brown, W.E., J.D. Phillips, and D.B. Jones. 1987. Ammoniation
or cane molasses supplementation of low quality forages.
J. Anim. Sci. 64:1205-1214.

Fernandez-Rivera, S., and T.J. Klopfenstein. 1989. Yield and

quality components of corn crop residues and utilization
of these residues by grazing cattle. J. Anim. Sci. 67:597—
605. doi:10.2527/jas1989.672597x

Grabber, JH. 2005. How do lignin composition, structure,
and cross-linking affect degradability? A review of cell
wall model studies. Crop Sci. 45:820-831. doi:10.2135/
cropsci2004.0191

Grotheer, M.D., D.L. Cross, and L.W. Grimes. 1986. Effect
of ammonia level and time of exposure to ammonia on
nutritional and preservatory characteristics of dry and
high-moisture coastal Bermuda grass hay. Anim. Feed Sci.
Tech. 14:55-65.

Gutierrez-Ornelas, E., and T.J. Klopfenstein. 1991. Changes
in availability and nutritive value of different corn resi-
due parts as affected by early and late grazing seasons. J.
Anim. Sci. 69:1741-1750. doi:10.2527/1991.6941741x

Hershberger, T.V.,, O.G. Bentley, and A.L. Moxon. 1959.
Availability of the nitrogen in some ammoniated prod-
ucts to bovine rumen microorganisms. J. Anim. Sci.
18:663-670.

Horton, G.M.J., and G.M. Steacy. 1979. Effect of anhydrous
ammonia treatment on the intake and digestibility of
cereal straws by steers. J. Anim. Sci. 48:1239-1249.

King, R.G. Bondurant, M.L. Jolly-Breithaupt, J.L.
Gramkow, T.J. Klopfenstein, and J.C. MacDonald. 2017.
Effect of corn residue harvest method with ruminally
undegradable protein supplementation on performance
of growing calves and fiber digestibility. J. Anim. Sci.
95:5290-5300. doi:10.2527/jas2017.1926

Klopfenstein, T.J., G.E. Erickson, and L.L. Berger. 2013.
Maize is a critically important source of food, feed,
energy and forage in the USA. Field Crops Res. 153:5-11.
doi:10.1016/j.fcr.2012.11.006

Klopfenstein, T., L. Roth, S. Fernandez-Rivera, and M. Lewis.
1987. Corn residues in beef production systems. J. Anim.
Sci. 65:1139-1148.

Knapp, W.R., D.A. Holt, and V.L. Lechtenberg. 1975. Hay
preservation and quality improvement by anhydrous
ammonia treatment. Agro. J. 67:766-769.

Krueger, N.A., A.T. Adesogan, C.R. Staples, W.K. Krueger,
S.C. Kim, R.C. Littell, and L.E. Sollenberger. 2008. Effect
of method of applying fibrolytic enzymes or ammonia to
bermudagrass hay on feed intake, digestion, and growth
of beef steers. J. Anim. Sci. 86:882-889. doi:10.2527/jas.
2006-717.

Lanning, F.C., T.L. Hopkins, and J.C. Loera. 1980. Silica and
ash content and depositional patterns in tissues of mature
Zea mays L. plants. Ann. Bot. 45:549-554.

Mason, V.C., R.D. Hartley, A.S. Keene, and J.M. Cobby. 1988.
The effect of ammoniation on the nutritive value of wheat,
barley and oat straws. I. Changes in chemical composition
in relation to digestibility in vitro and cell wall degradabil-
ity. Anim. Feed Sci. Tech. 19:159-171.

McDougall, E.I. 1948. Studies on ruminant saliva. 1. The com-
position and output of sheep’s saliva Biochem. J. 43:99.

Mertens, D.R. 1993. Rate and extent of digestion. In: Forbes,
JM., and J. France, editors. Quantitative Aspects of
Ruminant Digestion and Metabolism. Wallingford,
United Kingdom: AB International. pp. 13-52.

Morris, PJ. and D.N. Mowat. 1980. Nutritive value of ground
and/or ammoniated corn stover. Can. J. Anim. Sci.
60:327-336.

Oji, U.L,, H.E. Etim, and F.C. Okoye. 2007. Effects of urea

Translate basic science to industry innovation



50 Conway et al.

and aqueous ammonia treatment on the composition
and nutritive value of maize residues. Small Rumin Res.
69:232-236.

Paterson, JA., T.J. Klopfenstein, and R.A. Britton. 1981.
Ammonia treatment of corn plant residues: digestibilities
and growth rates. J. Anim. Sci. 53:1592-1600. doi:10.2527/
jas1982.5361592x

Prigge, E.C., M.J. Baker, and G.A. Varga. 1984. Comparative
digestion, rumen fermentation and kinetics of forage
diets by steers and wethers. J. Anim. Sci. 59:237-245.
doi:10.2527/jas1984.591237x

Ramirez, G.R., J.C. Aguilera-Gonzalez, G. Garcia-Diaz, and
A.M. Nunez-Gonzalez. 2007. Effect of urea treatment
on chemical composition and digestion of Cenchrus cili-
aris and Cynodon dactylon hays and Zea mays residues. J.
Anim. Vet. Adv. 6:1036-1041.

Saenger, PF., R.P. Lemenager, and K.S. Hendrix. 1982.
Anhydrous ammonia treatment of corn stover and its
effects on digestibility, intake and performance of beef
cattle. J. Anim. Sci. 54:419-425.

Schmer, M.R., R.M. Brown, V.L. Jin, R.B. Mitchell, and
D.D. Redfearn. 2017. Corn residue use by livestock in the
United States. Agric. Environ. Lett. 2:160043. doi:10.2134/
ael2016.10.0043

Sewalt, V.JH., JP. Fontenot, V.G. Allen, and W.G. Glasser.
1996. Fiber composition and in vitro digestibility of corn
stover fractions in response to ammonia treatment. J.
Agric. Food Chem. 44:3136-3142.

Soto-Navarro, S.A., R. Lopez, C. Sankey, B.M. Capitan, B.P.
Holland, L.A. Balstad, and C.R. Krehbiel. 2014. Comparative
digestibility by cattle versus sheep: effect of forage quality. J.
Anim. Sci. 92:1621-1629. doi:10.2527/jas.2013-6740

Stalker, L.A., B.G. Lorenz, N.A. Ahern, and T.J. Klopfenstein.
2013. Inclusion of forage standards with known in
vivo digestibility in in vitro procedures. Livest. Sci.

151:198-202. doi:10.1016/j.1ivsci.2012.11.020

Stalker, L.A., H. Blanco-Canqui, JA. Gigax, A.L. McGee,
T.M. Shaver, and S.J. van Donk. 2015. Corn residue stock-
ing rate affects cattle performance but not subsequent grain
yield. J. Anim. Sci. 93:4977-4983. doi:10.2527/jas.2015-9259

Straeter, J.E. 2011. Cornrower system of stover harvest.
ASABE Paper No. 1110596. St. Joseph (MI): American
Society of Agricultural and Biological Engineers.

Tilley, JM.A., and R.A. Terry 1963. A two-stage technique for
the in vitro digestion of forage crops. Grass Forage Sci.
18:104-111. doi:10.1111/j.1365-2494.1963.tb00335.x

Van Soest, PJ., J.B. Robertson, and B.A. Lewis. 1991. Methods
for dietary fiber, neutral detergent fiber, and nonstarch pol-
ysaccharides in relation to animal nutrition. J. Dairy Sci.
74:3583-3597. doi:10.3168/ds.S0022-0302(91)78551-2

Wallander, S., R. Claassen, and C. Nickerson. 2011. The
ethanol decade: an expansion of U.S. corn production,
2000-2009. EIB-79. Washington (DC): United States
Department of Agriculture, Economic Research Service.

Ward, J.K., L.J. Perry Jr., D.H. Smith, and J.T. Schmitz. 1979.
Forage composition and utilization of grain sorghum res-
idue by beef cows. J. Anim. Sci. 48:919-925.

Weaver, D.E., C.E. Coppock, G.B. Lake, and R.W. Everett. 1978.
Effect of maturation on composition and in vitro dry matter
digestibility of corn plant parts. J. Dairy Sci. 61:1782-1788.

Wilhelm, W.W., JM.F. Johnson, J.L. Hatfield, W.B. Voorhees,
and D.R. Linden. 2004. Crop and soil productivity
response to corn residue removal. Agro. J. 96:1-17.

Wilhelm, W.W., JM_.F. Johnson, D.L. Karlen, and D.T. Lightle.
2007. Corn stover to sustain soil organic carbon further
constrains biomass supply. Agro. J. 99:1665-1667.

Zorrilla-Rios, J., EN. Owens, G.W. Horn, and R.W. McNew.
1985. Effect of ammoniation of wheat straw on performance
and digestion kinetics in cattle. J. Anim. Sci. 60:814-821.

Translate basic science to industry innovation



