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ABSTRACT

To determine if dietary medium-chain fatty acids (FA;
Cg to Cp4) may mitigate enteric methane emissions, 24
cows were blocked by body size (n = 2) and randomly
assigned to 1 sequence of dietary treatments. Diets were
fed for 35 d each in 2 consecutive periods. Diets differed
in concentrations of coconut oil (CNO; ~75% medium-
chain FA): 0.0 (control) or 1.3, 2.7, or 3.3% CNO, dry
matter basis. The control diet contained 50% forage
(74% from corn silage), 16.5% crude protein (60% from
rumen-degradable protein), 34% neutral detergent
fiber (NDF; 71% from forage), and 28% starch, dry
matter basis. Data and sample collections were from d
29 to 35 in environmentally controlled rooms to mea-
sure methane (CH,) production. Methane emitted was
computed from the difference in concentrations of inlet
and outlet air and flux as measured 8 times per day.
Control cows emitted 464 g of CH,/d, consumed 22.9
kg of DM/d, and produced 34.8 kg of solids-corrected
milk/d and 1.3 kg of milk fat/d. Treatment with 1.3,
2.7, or 3.3% dietary CNO reduced CH, (449, 291, and
253 g/d, respectively), but concomitantly depressed dry
matter intake (21.4, 17.9, and 16.2 kg/d, respectively),
solids-corrected milk yield (36.3, 28.4, and 26.8 kg/d,
respectively), and milk fat yield (1.4, 0.9, and 0.9 kg/d,
respectively). The amount of NDF digested in the total
tract decreased with increased dietary CNO concentra-
tions; thus, CH, emitted per unit of NDF digested rose
from 118 to 128, 153, and 166 g/kg across CNO treat-
ments. Dietary CNO did not significantly affect appar-
ent digestibility of CP but increased apparent starch
digestibility from 92 to 95%. No FA C,, or shorter were
detected in feces, and apparent digestibility decreased
with increasing FA chain length. Coconut oil concentra-
tions of 2.7 or 3.3% decreased yields of milk FA <C,
and >Cy,. The highest milk fat concentration (3.69%;
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1.3% CNO) was due to the greatest yields of C;, to
Ci milk FA. Milk FA concentrations of Cis. yns10,cis12
were related to increased dietary CNO concentrations
and presumably to depressed ruminal NDF digestion.
Moderate dietary CNO concentrations (e.g., 1.3%)
may benefit lactational performance; however, CNO
concentrations greater than or equal to 2.7% depressed
dry matter intake, milk yield, milk fat yield, and NDF
utilization. If mitigation of enteric CH, emissions is due
to decreased digestion of dietary NDF, then this will
lessen a major advantage of ruminants compared with
nonruminants in food-production systems. Thus, CNO
has limited use for enteric CH, mitigation in lactating
dairy cows.

Key words: enteric methane, medium-chain fatty
acid, neutral detergent fiber digestibility, lactating
dairy cow

INTRODUCTION

Currently, mitigation of enteric methane (eCHy)
emissions from ruminant livestock is being researched
as a mechanism to decrease agricultural greenhouse gas
emissions. A high-producing dairy cow (>30 kg of 3.5%
FCM yield/d) generates from 390 to 650 g of eCH,/d
(Johnson et al., 2002; Aguerre et al., 2011). Enteric
CH, emissions correlate positively to the amount of
DM digested in the rumen, which itself depends on di-
etary fermentability, DMI as a multiple of maintenance
(Blaxter and Clapperton, 1965), and passage rates of
ingested particles. Thus, less-fermentable or slowly fer-
menting nutrients (e.g., NDF) are affected more than
highly fermentable nutrients (e.g., starch). Therefore,
methanogenesis (e.g., as a result of NDF digestion) is
decreased in favor of propionate production (e.g., from
starch digestion) in high-producing dairy cows fed a
highly fermentable diet at DMI 3 or more times the
maintenance level.

An additional reason for differences in eCH, emissions
is that dietary FA replace fermentable carbohydrates
such as NDF or starch, which, in turn, can reduce eCH,
emissions. Dietary FA are resistant to digestion in the
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rumen, in contrast to ruminally fermentable carbohy-
drates. Moreover, dietary FA can shift pathways of
ruminal fermentation to partially mitigate eCH, emis-
sions. Specifically, each percentage unit of dietary FA
reduced eCH, emissions by 5.6% per unit of DMI across
multiple experiments with different ruminant species
without apparent differences between dietary medium-
chain FA (MCFA; C; to Cy;) and long-chain FA
(LCFA; Cy4 to Cyg; Beauchemin et al., 2008). However,
individual saturated FA differ in their suppression of
eCH, emissions based on chain length (e.g., Ci > Ciyy
> Cipo, Cigo, 0r Cigyp; Blaxter and Czerkawski, 1966).
Therefore, coconut oil (CNO; ~75% MCFA) may be
considered as a potential dietary ingredient to reduce
eCH,; (Machmiiller, 2006). The current classification of
MCFA is based on chain length of FA, the potential to
reduce eCH, emissions, and their relatively rare occur-
rence in most feedstuffs. Thus, the current classification
of MCFA differs from the physiological classification of
MCFA, which does not include C,; and not C,s.

Indeed, increased CNO concentration in diets of-
fered to beef heifers reduced eCH, emissions linearly
by 8% per percentage unit of dietary CNO (Jordan et
al., 2006). Additionally, eCH, emitted per unit of DM
digested decreased linearly as dietary lauric acid (Ciay)
concentrations increased. However, feeding the equiva-
lent of 4.6% CNO or more (DM basis; Jordan et al.,
2006; Reveneau, 2008; Hollmann and Beede, 2011), or
1.2% or more Ciy,y (Dohme et al., 2004; Hristov et al.,
2011) markedly decreased DMI in cattle. In contrast,
feeding lower dietary concentrations of CNO (Jordan
et al., 2006; Hristov et al., 2009) or Ciy, (Hristov et
al., 2009) or feeding myristic acid (C,4; Dohme et al.,
2004; Odongo et al., 2007) did not decrease energy in-
take. Two major questions remain unanswered about
the effects of feeding CNO or MCFA to high-producing
dairy cows: which concentration of CNO or MCFA can
be fed without decreasing energy intake and what is the
corresponding reduction in eCH, emissions?

The response in NDF digestibility to dietary CNO
may be dose related (Jordan et al., 2006). Dietary
MCFA decreased total tract NDF digestibility and the
amount of NDF digested in most studies (Sutton et al.,
1983; Jordan et al., 2006; Hollmann and Beede, 2012),
but not in all (Jordan et al., 2006; Hristov et al., 2009).
Meanwhile, dietary MCFA had little effect on apparent
digestibilities of dietary starch and CP in any of the
aforementioned experiments. Conceptually, in cows fed
at multiple levels of maintenance, decreasing digestion
of NDF while maintaining digestion of nonfiber car-
bohydrates (e.g., starch) will decrease eCH, emissions
(Blaxter and Czerkawski, 1966). It is not clear whether
or not the decrease in NDF digestion with MCFA-
containing diets causes reduction in eCH, emissions
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or, ideally, if a range of dietary CNO concentrations
exist at which eCH, is reduced without affecting NDF
digestion.

Effects of dietary MCFA on milk yield (MY) likely
are secondary responses and relate to DMI and energy
intake. Yet, MY response did not always follow DMI
response (Kiilling et al., 2002; Dohme et al., 2004), pre-
sumably because of the short duration (15 d) of feeding
MCFA. Furthermore, dietary inclusion of MCFA as
part of a TMR initiated milk-fat depression (MFD:;
Faciola et al., 2008), or exacerbated MFD (Reveneau,
2008; Hollmann and Beede, 2012) by means of a combi-
nation of yield reductions of de novo-synthesized milk
FA (<C,) and preformed milk LCFA (Reveneau, 2008;
Hollmann and Beede, accepted). Moreover, MCFA of-
ten decreased concentrations of milk protein (Rindsig
and Schultz, 1974; Storry et al., 1974; Reveneau, 2008)
or lactose (Faciola et al., 2008; Hollmann and Beede,
2012). A decrease in SCM yield (SCMY) can dilute
or eliminate potential benefits of reductions in eCHy
emissions.

We are unaware of any reports in which eCH, emis-
sions of high-producing dairy cows fed different concen-
trations of CNO have been characterized. Our objective
was to identify a dietary CNO concentration for high-
producing dairy cows at which the combination of eCH,
emissions, energy intake, NDF digestibility, and SCMY
are optimized. We hypothesized that moderate CNO
concentration will reduce eCH, emissions while main-
taining intake, NDF digestibility, and SCMY, whereas
greater dietary concentrations of CNO will depress
intake, NDF digestibility, and SCMY.

MATERIALS AND METHODS

The All University Committee on Animal Use and
Care at the Michigan State University (East Lansing)
approved all experimental procedures (Approval num-
ber 07/07-130-00).

Treatments and Cows

All dietary concentrations are presented on a DM
basis. Four treatment diets were formulated to meet or
exceed recommendations (NRC, 2001) and had CNO
concentrations of 0.0% (CNOO), 1.3% (CNO1.3),
2.7% (CNO2.7), or 3.3% (CNO3.3). Dietary ingredi-
ents and nutrient compositions are listed in Table 1 and
the FA profiles of CNO and diets are listed in Table 2.
Dietary CNO and soybean meal partially replaced soy
hulls to maintain isonitrogenous diets. Coconut oil was
heated to 40°C and mixed with nonforage ingredients
of the diets. A forage-based mixture was prepared daily
and mixed with the respective treatment concentrates
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Table 1. Ingredient and nutrient compositions of experimental diets

Treatment'

Composition CNOO CNO1.3 CNO2.7 CNO3.3

Ingredient, % of DM
Corn silage? 36.8 36.8 36.8 36.8
Alfalfa silage® 7.4 7.4 7.4 7.4
Grass silage® 5.5 5.5 5.5 5.5
Ground corn 24.1 24.1 24.2 24.2
Soy hulls 6.9 5.1 3.4 2.5
CNO — 1.3 2.7 3.3
Soybean meal (48% CP) — 0.4 0.7 0.9
Heat-processed soybean meal® 9.9 9.9 9.9 9.9
Wheat middlings 5.5 5.5 5.5 5.5
Corn gluten meal 0.9 0.9 0.9 0.9
Urea 0.6 0.6 0.6 0.6
Mineral-vitamin mix’ 2.5 2.5 2.5 2.5

Nutrient composition, % of DM
DM (% as fed) 44.5 44.5 44.6 44.6
OM 93.2 934 93.5 93.3
NDF 34.5 33.8 32.7 32.3
Indigestible NDF 7.6 7.7 8.5 9.0
Forage NDF 23.8 23.8 23.8 23.8
Starch 27.6 27.5 27.8 27.7
EE 5.4 6.3 74 8.0
CP 16.5 16.4 16.7 16.4
Rumen-undegradable CP” 6.0 6.0 5.9 5.9
Gross energy, Mcal /kg 4.37 4.45 4.45 4.48

ITreatments were 0, 1.3, 2.7, and 3.3% coconut oil (CNO) in total dietary DM.

Corn silage contained 28.1% DM (as-fed basis), and 95.6% OM, 46.9% NDF, 9.2% indigestible NDF, 22.1%
starch, 5.8% ether extract (EE), and 8.3% CP, DM basis.

Alfalfa haylage contained 36.9% DM (as-fed basis), and 90.6% OM, 45.2% NDF, 23.4% indigestible NDF,

0.9% starch, 6.2% EE, and 18.9% CP, DM basis.

Grass silage contained 31.2% DM (as-fed basis), and 90.5% OM, 59.7% NDF, 15.7% indigestible NDF, 0.4%

starch, 6.2% EE, and 12.7% CP, DM basis.
*SoyPlus (West Central Cooperative, Ralston, TA).

SMineral-vitamin mix contained 43.1% limestone, 31.3% sodium bicarbonate, 9.7% magnesium sulfate, 8.1%
sodium chloride, 3.0% trace minerals (contained 11.6% Ca, 9.1% P, 5.0% Fe, 4.0% Mn, 4.0% Zn, 1.0% Cu, 600
mg of I/kg, 300 mg of Se/kg, and 200 mg of Co/kg), 2.5% biotin (1.4 g/kg), 0.6% Se-yeast, 57 kIU of vitamin
A per kg, 17 kIU of vitamin D per kg, and 0.8 kIU of vitamin E per kg, DM basis.

"Estimated using published values (NRC, 2001).

in a stationary tumble mixer in the order of low to
greatest CNO concentrations. The tumble mixer was
cleansed with corn silage following the preparation of
the treatment with the greatest CNO concentration.
The experimental design was an incomplete (one-
half) 4 x 4 Latin square conducted in 2 periods. Eight
primiparous and 16 multiparous Holstein cows from
the Michigan State University Dairy Teaching and Re-
search Center herd were fed a single basal adjustment
diet without supplemental fat or monensin-Na for 21 d
before initiation of the experiment. Primiparous cows
and the 4 smallest secundiparous cows were assigned
to block 1 (116 + 30, 85 to 178 DIM; mean + SD,
range), and the other 12 multiparous cows to block
2 (129 + 15, 107 to 149 DIM). The 24 cows were ar-
ranged in 2 complete blocks. Within each block, cows
were randomly assigned to 1 of 12 possible 2-treatment
sequences for the 2 periods. Therefore, each possible
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treatment sequence occurred exactly once in each
block. Total period length was 35 (£1) d. Cows were
adapted to their respective dietary treatment for 21
d in a tie-stall barn, and then moved to individual,
environmentally controlled rooms (described later) at
the Animal Air Quality Research Facilities (Michigan
State University). Days 22 to 28 were for adaptation to
rooms and d 29 through 35 for all sampling and data
collection. Cows in block 1 stayed in their individual,
environmentally controlled rooms for the entire 35-d
first period to assess responses during the habituation
to dietary treatment. Originally, the highest CNO
treatment concentration was 4.0%; however, the DMI
of cows fed 4.0% CNO decreased precipitously and
markedly by d 2 and remained depressed. Therefore,
cows in block 1 that had been receiving the 4.0% CNO
diet were removed from the experiment after 10 d and
replaced with 3 different cows that had been adapted
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Table 2. Fatty acid profile of coconut oil (CNO) and experimental diets

Fat source

Treatment diet'

FA, g/100 g of FA CNO CNOO CNO1.3 CNO2.7 CNO3.3
6:0 0.8 — — — —
8:0 9.1 — 1.1 2.0 2.4
10:0 6.7 — 1.1 2.0 2.3
12:0 40.8 0.2 7.6 12.0 11.7
14:0 19.5 0.2 4.7 8.0 9.2
16:0 9.8 14.5 12.8 13.0 13.7
18:0 3.3 3.3 3.2 3.6 3.8
18:1, cis 6.9 23.1 19.3 17.6 18.0
18:2, ¢is-9,cis-12 1.7 44.0 40.7 34.2 31.7
18:3 0.1 7.2 5.9 5.0 4.6
VLCF” 0.3 1.9 1.3 0.8 0.8
Others® 0.9 5.2 2.1 1.8 1.7
SFA 90.1 19.5 31.3 41.2 43.6
MCFA* 57.4 0.2 9.8 16.0 16.4
cis-FA® 9.2 75.7 66.7 57.2 54.8

"Treatments were 0, 1.3, 2.7, and 3.3% CNO in total dietary DM.

*VLCF = total very long-chain FA (>20 C).
*Others = FA not listed and FA not identified.

*MCFA = total medium-chain FA (6 C < MCFA < 12 C).

Pcis-FA = total FA with a cis configuration.

to CNOO, CNO1.3, or CNO2.7 on d 12. These replace-
ment cows received CNO3.3. Further discussion about
the habituation to CNO feeding (d —1 to d 34 in block
1, period 1) will be presented in a different paper.

Cows were kept in tie-stalls while in their individual
environmentally controlled rooms with artificial light-
ing between 0400 and 2000 h. Those tie-stalls were
designed to the same dimensions as the tie-stalls at
the Michigan State University Dairy Teaching and
Research Center. Cows were milked in place between
0430 and 0630 h, and between 1630 and 1830 h. They
were offered about 40% of their TMR at morning milk-
ing and 60% at the afternoon milking to maintain at
least 10% refusal at the end of each shift. Orts were
collected and recorded at each milking and ad libitum
feed intake was computed. Manure was collected in a
pan behind each tie-stall, and manure above a depth of
approximately 5 cm was removed daily as part of the
morning chores.

Data and Sample Collections and Analyses

Environmentally controlled rooms were kept continu-
ously under positive air pressure. Air flow in and out of
each room, and temperature and relative humidity of
outlet air from each room were recorded continuously
using a pressure transducer (Setra Model 239; Setra
Systems Inc., Boxborough, MA) and a temperature and
relative humidity probe (CS500; Campbell Scientific
Inc., Logan, UT), respectively (Li et al., 2011). Air flow
into the rooms was regulated continuously to control
room temperature within a range of 12 to 18°C; air flux

always exceeded 1.7 m® /min or 4 complete air changes
per hour in each room. Concentrations of CH, in air
were analyzed once per minute with an Innova Model
1412 photoacoustic analyzer (LumaSense Technologies
A/S, Ballerup, DK) that was calibrated once weekly
with gas standards of known CH, concentrations. Mea-
surements of CH, concentrations were obtained from
an incoming air stream and out-flowing air streams
from each room continuously for 5.5 min once every 3
h. Prior to sampling, air hoses supplying the analyzer
were purged for 18.5 (incoming air to ventilate rooms)
and 7.5 min (out-flowing air from each room). Thus, 5
to 6 data points of CH, concentrations were available
from each room 8 times per day. Each room was closed
for at least 1 h before sampling of air for CH, analysis.
Incoming air data were lost for d 34 and 35 for the
second period of block 2; thus, data for d 27 to 33 were
used for analysis for that block-period. Additionally, air
exchanges were occasionally below 3/h due to problems
with the air heating unit during cold weather; corre-
sponding CH, data were removed from the data set.
Overall, usable CH, data were obtained for 85% of all
possible 3-h sampling periods. Original, individual CH,
measurements in the top and bottom fifth percentile
of each treatment in each block-period were inspected.
Individual readings were defined as outliers if they
differed from the mean of the respective 3-h sampling
period and room by more than 3 standard deviations.
A total of 1.1% of original measurements was rejected.

Concentrations of CH, of the incoming air for each
room at the time of sampling were calculated from 2
consecutive (separated by 3 h) measurements of incom-
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ing air. The mean incoming CH, concentration was
weighted by the respective time lag between incoming
air and room measurements. Methane concentrations
were converted to standard temperature and pressure,
and CH, emission rates were calculated by mass bal-
ance of CH, in the incoming and out-flowing air (Li et
al., 2011). The CH, emission rates were then averaged
for each 3-h period in each room and day within each
block-period. All CH, emissions were assumed to be of
enteric origin.

Individual cow MY, feed offered, and orts removed
were recorded at each milking. Milk was sampled 2 d
per week and analyzed for concentrations of fat, true
protein, lactose, and non-fat solids by mid-infrared
spectroscopy (AOAC, 1990), and for urea-N by modi-
fied Berthelot reaction (ChemSpec 150 Analyzer; Bent-
ley Instruments Inc., Chaska, MN) by Michigan DHIA
(East Lansing). Solids-corrected MY was calculated ac-
cording to Tyrrell and Reid (1965) with a 0.95 adjust-
ment factor for milk true protein (Verdi et al., 1987).
One additional milk sample for each cow was frozen
at —20°C and later pooled by milk fat yield for each
cow within each period-block. Milk fat was extracted
(Sukhija and Palmquist, 1988) and prepared for deter-
mination of milk FA profile as described by Bradford
and Allen (2004). Individual FA were determined by
gas chromatography (model 8500; Perkin-Elmer Corp.,
Norwalk, CT) at the Diagnostic Center for Population
Animal Health (East Lansing, MI) with the following
specifications: SP-2560 capillary column (100 m x 0.20
mm i.d. with 0.02-pm film thickness; Supelco Inc.,
Bellefonte, PA); oven temperature at 70°C for 4 min,
then increased by 13°C/min to 175°C and sustained
for 27 min before being increased again at 4°C/min to
215°C and sustained for 31 min; and H flow of 20 cm/s.

Forage samples were dried to a constant weight in
a forced-air oven (60°C) to determine DM content; di-
ets were adjusted twice weekly to maintain the same
proportions of all dietary ingredients on a DM basis.
All forages and concentrate premixes were sampled
twice weekly and frozen. Fecal samples were collected
per rectum immediately after each milking on d 32
through 35. Upon thawing, feed and fecal samples were
subsampled, lyophilized (TriPhilizer MP; FTS Systems
Inc., Stone Ridge, NY), and ground in a Wiley mill
(I-mm screen; Arthur H. Thomas Co., Philadelphia,
PA). Feed samples were composited by ingredient for
each block-period, and fecal samples were combined
by individual cow for each block-period based on DM
content (105°C). Ash concentrations of feed and fecal
samples were obtained by 5-h oxidation at 500°C in a
muffle furnace. Organic matter was the difference be-
tween DM and ash contents. Concentrations of CP and
NDF were analyzed (Hach et al., 1987; Van Soest et
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al., 1991, method A). Starch concentrations in feed and
fecal samples were assayed by gelatinizing samples with
NaOH and subsequently measuring glucose concentra-
tion enzymatically (Karkalas, 1985; Glucose kit #510;
Sigma Chemical Co., St. Louis, MO) using a micro-
plate absorbance reader (SpectraMax 190; Molecular
Devices Corp., Sunnyvale, CA). Ether extract (EE)
was analyzed according to the AOAC (1990) method.
Fatty acids were extracted from forage and concentrate
samples and from pooled fecal samples (Sukhija and
Palmquist, 1988) and determined by gas chromatog-
raphy as described above. Indigestible NDF (iNDF)
determined as ash-free NDF residue after 240-h in vitro
fermentation was used as marker to estimate apparent
nutrient digestibilities (Goering and Van Soest, 1970).
In vitro fermentation was with ruminal fluids from 2
nonpregnant, nonlactating cows fed a grass hay diet ad
libitum. The digestibility coefficient (A) of a specific
nutrient was calculated based on fecal concentration
(B) and daily intake (C) of that nutrient:

A =1 iNDFTI x [fecal iNDF]' x [B] x C",

where iNDFT is the daily intake of iNDF. Potentially
digestible NDF (pdNDF) was calculated as the dif-
ference between NDF and iNDF. Gross energy (GE)
was assayed by bomb calorimetry (Model 1241; Parr
Instrument Inc., Moline, IL). Metabolizable energy and
NE;, were calculated according to NRC (2001) based on
digestible energy (DE) and with a multiple of intake of
3 times maintenance for NEg using the following equa-
tions:

ME(intako) = (101 X DE(intakc) - 045)
+0.0046 x ([EE] - 3);

NELntake) = 0-703 X ME(arare) = 0-19
+ (0.097 x ME(e) +0.19)/97 x ([EE] - 3);

NEL(milk) (Mcal/d) = MY (kg) X (00929
x [milk fat] + 0.0563 x [milk true protein]
+ 0.0395 x [milk lactose]).

Statistical Analyses

Statistical analyses were conducted using linear
mixed effects models (PROC MIXED, SAS 9.1.3; SAS
Institute Inc., Cary, NC). The final model to analyze
effect of dietary CNO on eCH, emissions included the
fixed effects of dietary treatment, block, time of day,
period within block, and the interactions of treatment
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by block, time of day by block, treatment by time
of day, and treatment by time of day by block. The
experimental design accounted for carryover effects.
However, results were only adjusted for carryover effect
in cases where carryover effects were found to be sig-
nificant (P < 0.01). Random effects in the model were
cow nested within block; dietary treatment by period
by cow within block to identify the experimental unit
for dietary treatment; time of day by dietary treatment
by period by cow by block to identify the cow assigned
to dietary treatment as the blocking factor for time
of day and to account for replication related to day.
Kenward-Roger’s method was used to estimate degrees
of freedom.

Data for MY, yields and concentrations of milk
components, nutrient intakes, and digestibilities were
pooled for each cow by block-period and analyzed with
a simplified model without the effect of time of day.
Effects of dietary concentration of CNO were deter-
mined using linear and quadratic orthogonal contrasts.
Significance was declared at P < 0.05 and marginal
significance at P < 0.10 for main fixed effects and P
< 0.15 for interactions. Linear or quadratic effects are
denoted as Py, or Pgq, respectively. Data of eCH, were
log-transformed before analysis to achieve normal dis-
tribution of the residuals.

RESULTS
Enteric CH, Emissions and DMI

Cows fed the dietary control treatment (CNOO) emit-
ted an estimated 464 g of eCH,/cow per day (Table 3).
Dietary concentration of CNO reduced eCH, emissions
quadratically (P o < 0.01). Feeding 1.3% CNO, DM
basis, lowered eCH, emissions only slightly (449 g/cow
per day), whereas feeding twice and 2.5-times as much
CNO (CNO2.7 and CNO3.3, respectively) lowered
eCH, emissions to an estimated 291 and 253 g/cow per
day, respectively. An interaction of time of day and
dietary CNO concentration affected rates of eCH, emis-
sions (Figure 1; P < 0.01). This interaction was based
on cows fed CNO3.3 having lower emission rates pre-
feeding than CNO2.7-fed cows; such difference on eCH,
emissions was not apparent post-feeding (Figure 1).
Overall, rates of eCH, emissions were highest after the
main feeding in the afternoon, but also increased after
the morning feeding (P < 0.001). Methane emissions
in the present experiment are presumably from enteric
origin, because CH, emissions from fresh manure are
minute (Sun et al., 2008), and most of the manure was
removed daily.

Control cows consumed 22.9 kg of DM/d (Table 3).
Increased dietary CNO concentration decreased DMI
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linearly (P, < 0.001), but also decreased eCH, emitted
per unit of DMI (P, < 0.04; Table 3). Enteric CH,
emissions per unit of DMI were similar for cows fed
CNOO and CNO1.3 (21.1 and 21.3 g/kg, respectively),
but were lower for cows fed CNO2.7 (17.4 g/kg) or
CNO3.3 (16.7 g/kg).

MY and Components

The CNO1.3 treatment resulted in the greatest yields
of milk (Py < 0.07), SCM (Pq < 0.01), and milk fat
(Pq < 0.001), whereas CNO2.7 and CNO3.3 depressed
those yields (Table 3). Control cows yielded milk with
3.47% fat. Cows fed CNO1.3 had the highest milk fat
concentration (3.66%), but greater dietary CNO concen-
trations depressed milk fat concentration severely (P
< 0.001). Increased concentration of CNO decreased
concentrations of milk protein (P, < 0.03), lactose, and
non-fat solids (P, < 0.001), but increased MUN (P, <
0.001). Cows fed CNO2.7 and CNO3.3 produced ap-
proximately 89% of the MY of CNOO-fed cows, but
only approximately 71% of the milk fat yield. As a
result, CNO2.7 and CNO3.3 decreased SCMY by 21%
compared with CNOO. In contrast, CNO1.3-fed cows
produced approximately 4% more SCMY based on an
8% increase in milk fat yield compared with CNOO.
Overall, eCH, emitted per unit of SCMY decreased
linearly as dietary CNO concentrations increased (P,
< 0.001).

Nutrient Intakes and Apparent Digestibilities

Increased dietary CNO concentration decreased in-
takes of OM, NDF, pdNDF, CP, and starch (P}, < 0.001).
However, intakes of EE increased as dietary treatments
contained increased CNO concentrations (P, < 0.01).
Dietary CNO concentration decreased amounts of DM,
OM, NDF, CP, and starch apparently digested in the
total tract (P, < 0.001; Py < 0.04) with greater reduc-
tions as CNO concentration increased (Table 4). In-
creased dietary CNO concentration depressed apparent
total tract digestibilities of DM and OM (P, < 0.001).
This was likely influenced heavily by the decrease in
NDF digestibility (P, < 0.001; Py < 0.04) as we had
no evidence that CNO concentration had any effect in
apparent digestibility of CP; yet, CNO increased ap-
parent starch digestibility (P, < 0.001). Treatment
CNO3.3 depressed NDF digestibility by 38% compared
with CNOO. In contrast, dietary CNO concentration
increased the amount of EE apparently digested in the
total tract (P, < 0.001; Py < 0.02) and the respec-
tive coefficients of digestibility (P, < 0.001). Overall,
eCH, emitted per unit of DM apparently digested in
the total tract decreased with increasing dietary CNO
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Figure 1. Variation in enteric methane (CH,) emissions from lac-
tating dairy cows throughout the day based on measures taken every
3 h relative to feeding after adaptation to diets with different con-
centrations of coconut oil (CNO). Gas emissions are estimated from
4- to 5-min readings during each 3-h period. Cows were fed ad libitum
after the 3 to 6 h and the 15 to 18 h gas readings, but consumed the
majority of their ration (55 to 58% of total daily DMI, SEM: + 1.4, no
effect of treatment) between afternoon and morning feedings. Columns
immediately to the right of dashed line (morning feeding) and solid
line (afternoon feeding) represent the first post-feeding measurement.
Interaction of treatment and time of day (P < 0.001).

HOLLMANN ET AL.

concentrations (P, < 0.001). In contrast, eCH, emitted
per unit of NDF digested in the total tract increased
with dietary CNO concentration (P;, < 0.001).

Energetics

Increased concentrations of CNO decreased the
intake of gross, digestible, and calculated net energy
(Pq < 0.01), with greater reductions occurring with
CNO2.7 and CNO3.3 than with CNO1.3 (Table 5).
Furthermore, CNO2.7 and CNO3.3 decreased milk
energy output by 19 and 23% compared with CNOO,
respectively; whereas CNO1.3 showed the greatest
milk energy output (P, < 0.001; Py < 0.01); yet, CNO
concentration also decreased GE emitted in eCH, (P,
< 0.001; Py < 0.01). As a result, increased CNO con-
centration decreased eCH, emitted as a proportion of
energy intake and milk energy output (P, < 0.001). In-
creased CNO concentration improved the conversion of
DE into milk energy (P, < 0.01). The energy results for
CNO2.7 and CNO3.3 have to be evaluated with caution
because the corresponding GE value was lower than
expected (Table 1). It is likely that CNO of the concen-
trate premix stuck to the equipment during prepara-
tion of feed samples, as we have speculated elsewhere

Table 3. Effects of dietary concentration of coconut oil (CNO) on enteric CH, emissions and lactational performance

Treatment LSM estimates’ P-value®
Ttem CNOO CNO1.3 CNO2.7 CNO3.3 SE Linear Quad.
CH,, g/d 464 449 291 253 — <0.001 0.01
DMI, kg/d 22.9 214 17.9 16.2 0.64 <0.001 NS
CH,/DMI, g/kg 21.1 21.3 17.4 16.7 0.60 <0.001 0.04
Yield, kg/d
Milk (7-d collection)* 37.1 37.5 33.7 32.4 1.03 <0.001 0.07
Milk (2-d subperiod)® 36.5 37.5 33.6 32.0 1.01 <0.001 0.02
SCM ) 34.8 36.3 28.4 26.8 1.12 <0.001 0.01
CH,/SCMY,’ g/kg 14.1 13.0 11.0 10.4 0.43 <0.001 NS
Milk fat 1.27 1.37 0.94 0.86 0.050 <0.001 0.001
Milk protein 1.04 1.05 0.91 0.89 0.033 <0.001 0.12
Milk lactose 1.82 1.84 1.60 1.52 0.055 <0.001 0.04
Milk SNF 2.68 2.67 2.35 2.27 0.089 <0.001 NS
Milk composition, %
Milk fat 3.47 3.66 2.79 2.67 0.093 <0.001 0.001
Milk protein 2.85 2.80 2.73 2.77 0.048 <0.03 NS
Milk lactose 4.98 4.88 4.77 4.74 0.040 <0.001 NS
Milk SNF 7.30 7.15 6.96 6.99 0.067 <0.001 NS
MUN, mg/dL 13.6 14.6 16.0 16.5 0.49 <0.001 NS

"Treatments were 0, 1.3, 2.7, and 3.3% CNO in total dietary DM.

?P-values correspond to orthogonal contrasts of linear and quadratic (Quad.) effect of dietary concentration of CNO. NS: P > 0.20.

*Log-transformed for analysis. Least squares means back-transformed;

standard error of the means of transformed results = 0.047; 95% confi-

dence intervals of back-transformed least squares means were CNOO: 422 to 511 g/d; CNO1.3: 408 to 493 g/d; CNO2.7: 264 to 320 g/d; and

CNO3.3: 230 to 278 g/d.
"Milk yield from 7-d collection period (d 29 to 35 of trial).

Milk yield from 2-d subperiod in which milk composition was analyzed.
SSCMY = solids-corrected milk yield (MY): {MY x ([milk fat] x 41.63 + [milk true protein]/0.95 x 24.13 + [milk lactose] x 21.6) — 11.72}/340
(Tyrrell and Reid, 1965). Conversion factor (0.95) for [milk true protein] to [milk protein] based on Verdi et al. (1987).
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Table 4. Effects of dietary concentration of coconut oil (CNO) on DMI and nutrient digestibilities

Treatment CNO concentration' P-value®
Ttem CNOO CNO1.3 CNO2.7 CNO3.3 SE Linear Quad.
DM
Apparent total-tract digested
kg/d 15.3 14.7 11.1 10.1 0.37 <0.001 0.01
CH,/DMD,? g/kg 31.6 31.9 28.0 27.4 0.83 <0.001 0.13
% 66.7 67.0 62.3 60.5 1.15 <0.001 0.09
OM
Apparent total-tract digested
kg/d 14.5 14.0 10.7 9.6 0.37 <0.001 0.01
CH,/OMD," g/kg 334 33.5 29.3 28.1 0.98 <0.001 0.12
% 67.8 68.4 63.6 62.0 1.12 <0.001 0.07
NDF
Total-tract digested
kg/d 4.1 3.7 2.1 1.7 0.14 <0.001 0.04
CH,/NDFD,’ g/kg 118 128 153 166 6.7 <0.001 NS
% 52.1 50.6 35.8 32.4 1.99 <0.001 0.04
pdNDF*¢
Total-tract digested, % 66.7 65.4 48.4 45.6 2.59 <0.001 0.09
CP
Apparent total-tract digested
kg/d 2.49 2.46 1.97 1.84 0.073 <0.001 0.02
% 66.5 67.9 66.9 66.8 1.24 NS NS
Starch
Apparent total-tract digested
kg/d 5.78 5.64 4.67 4.31 0.148 <0.001 0.02
% 91.8 92.4 93.7 94.5 0.60 <0.001 NS
EE
Apparent total-tract digested
kg/d 0.98 1.11 1.06 1.17 0.039 <0.01 NS
% 78.0 79.4 80.0 83.0 1.39 <0.02 NS

"Treatments were 0, 1.3, 2.7, and 3.3% CNO in total dietary DM.

?P-values correspond to orthogonal contrasts of linear and quadratic (Quad.) effects of dietary concentration of CNO. NS: P > 0.20.

SDMD: total-tract apparently digested DM.
*OMD: total-tract apparently digested OM.
"NDFD: total-tract apparently digested NDF.
SpdNDF = potentially digestible NDF.

(Hollmann and Beede, 2012). Nonetheless, we would
expect the nature of the inference to remain unchanged
if the increase in dietary GE density between CNOO
and CNO1.3 is extrapolated to CNO2.7 (4.53 Mcal/kg)
and CNO3.3 (4.61 Mcal/kg).

Apparent Digestibility and Milk Output of FA

No Cg and Cyy FA and only trace amounts of C,
and C;, were identified in CNOO, but increased dietary
concentrations of CNO resulted in increased intakes of
those FA in the remaining treatments (Table 6). Intake
of Cis FA increased in a diminishing fashion with in-
creased CNO concentration (P, < 0.001; Py < 0.01).
Intakes of C;3 FA were greatest for cows fed CNO1.3
(767 g/d) and CNO2.7 (719 g/d; Prq < 0.001). No
Cg and C,, FA were detected in feces; thus, their ap-
parent total tract digestibilities were considered to be
complete. As FA chain length increased, apparent di-
gestibility decreased from an estimated 97% for C;5 FA

to approximately 72 and 76% for C,4 FA and C,5 FA,
respectively (Table 6).

Dietary CNO concentrations of 2.7 and 3.3% de-
creased concentrations of FA shorter than C;, (P, <
0.001); however, dietary CNO concentration increased
milk fat concentrations of C;, and Cyy FA (P, < 0.001;
Table 7). This increase was compensated by a decrease
in concentrations of C;3 and C;g milk FA. Dietary CNO
concentration increased milk fat concentrations of
trans-FA (P, < 0.001) and the milk fat-depressing Cig.,
prans-10scis-12 (P < 0.01). These differences in FA concen-
trations in milk fat caused changes in yields of milk FA
(Figure 2; P < 0.001). Cows fed CNO2.7 and CNO3.3
yielded approximately 44% less FA shorter than Ci,
34% less Ci4 FA, and 30% less FA longer than C,4 than
CNOO-fed cows. The increase in milk fat yield with
dietary CNO1.3 treatment was due to greater yields of
milk FA with a chain length from C,, to C,5. However,
yields of the sum of C;; to C;; were similar between
CNOO, CNO2.7, and CNQO3.3 treatments.
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Table 5. Effects of dietary concentration of coconut oil (CNO) on energy efficiency

Treatment CNO concentration' P-value®

Ttem CNOO CNO1.3 CNO2.7 CNO3.3 SE Linear Quad.
Intake

GE,* Mcal/d 100.2 99.1 79.5 73.5 2.71 <0.001 0.01

DE," Mcal/d 65.8 65.0 49.8 46.1 1.80 <0.001 0.01

GE, apparent total-tract digested, % 65.7 66.8 62.4 61.5 1.29 <0.01 0.16

NE;,” Mcal/d 70.9 70.3 56.3 52.1 1.87 <0.001 0.01
Production

Milk NE;,° Mcal/d 24.8 25.9 20.1 19.0 0.84 <0.001 0.01
Gaseous loss

CH,, Mcal/d 6.31 6.09 3.95 3.44 - <0.001 0.01
Production efficiency

NE, milk/DE intake 0.38 0.40 0.41 0.42 0.013 <0.02 NS

CH,/NE;, milk, % 26.2 24.2 20.5 19.5 0.90 <0.001 NS
Fermentation efficiency

GE CH,/GE intake, % 6.42 6.35 5.19 4.94 0.211 <0.001 0.11

GE CH,/DE intake, % 9.74 9.57 8.34 7.97 0.294 <0.001 NS

"Treatments were 0, 1.3, 2.7, and 3.3% CNO in total dietary DM.

?P-values correspond to orthogonal contrasts of linear and quadratic (Quad.) effect of dietary concentration of CNO. NS: P > 0.20.

*Gross energy.
‘Digestible energy

SNEL(imﬂkn) = 0.703 X MEake) — 0.19 4 (0.097 x ME i) + 0.19)/97 x ([ether extract] — 3); MEuake) = (1.01 X DE(pare) —

([ether extract] — 3) (NRC, 2001).

0.45) + 0.0046 x

'NEp iy (Mcal/d) = milk yield (kg) x (0.0929 x [milk fat] + 0.0563 x [milk true protein] + 0.0395 x [milk lactose]) (NRC, 2001).
"Log-transformed for analysis. Least squares means are back-transformed; standard error of the means of transformed data = 0.019; 95% confi-
dence intervals of back-transformed least squares means were CNOO: 5.74 to 6.95 Mcal/d; CNO1.3: 5.55 to 6.70 Mcal/d; CNO2.7: 3.59 to 4.35

Mcal/d; and CNO3.3: 3.13 to 3.78 Mcal/d.

DISCUSSION
Methane Emissions and Lactational Responses

Magnitude of eCH, Emissions from the Con-
trol Diet. The high-producing dairy cows not treated
with CNO emitted an estimated 464 g of eCH,/cow
daily in the current experiment (Table 3). This was
slightly greater than the 390 to 450 g of eCH,/cow per
day range reported previously (Johnson et al., 2002),
but lower than the 540 to 650 g/cow per day range
reported more recently (Aguerre et al., 2011). Type and
dietary concentration of forage and DMI as a multiple
of maintenance might help explain in part differences
in eCH, emissions among studies. Decreased NDF
digestibility decreases eCH, (Blaxter and Clapperton,
1965) and NDF in alfalfa is less digestible than NDF
in corn silage. For example, 80% of corn silage NDF
was pdNDF in the current experiment, but only 48%
of alfalfa NDF was pdNDF. Presently, 74% of forage or
37% of dietary DM was corn silage.

Enteric CH; Emissions and NDF Digestion.
The decrease in eCH, emissions at dietary CNO concen-
tration of 2.7% or greater (Table 3) was consistent with
previous reports in beef cattle (Jordan et al., 2006).
Concomitant reductions in NDF intake and amount of
total tract NDF digested (Table 4) may in part explain

Journal of Dairy Science Vol. 95 No. 5, 2012

the decrease in eCH, emissions. The present decrease in
NDF digestion was consistent with other reports, where
MCFA were fed (Kiilling et al., 2002; Jordan et al.,
2006; Hollmann and Beede, 2012). Remarkably, CNO
decreased NDF' digestibility, although CNO depressed
overall NDF intake and presumably increased ruminal
retention time of NDF. Furthermore, CNO decreased
NDF digestion in the total tract, even though a reduc-
tion in ruminal NDF digestibility can be compensated
by increased NDF digestion in the hindgut (Sutton et
al., 1983). Therefore, ruminal fermentation of NDF was
presumably more severely depressed than suggested by
the total tract digestibility coefficient for NDF. Hind-
gut fermentation accounted for 6 to 14% of total enteric
methane production in sheep fed a forage diet (Immig,
1996). But, this likely depends on rate of passage
through the hindgut and contents of the digesta enter-
ing the duodenum. Shifting NDF digestion from the
rumen to the lower tract may reduce eCH, emissions
because acetogenesis is more competitive with metha-
nogenesis in the hindgut (Immig, 1996). However, the
capacity to digest NDF in the hindgut is limited (Sut-
ton et al., 1983) and did not compensate for reduction
in ruminal NDF digestion in MCFA treatment diets
in the current and previous experiments (Kiilling et
al., 2002; Jordan et al., 2006; Hollmann and Beede,
2012). Importantly, microbial proteins generated in the
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Table 6. Effects of dietary concentration of coconut oil (CNO) on intake and digestibility of FA by chain length

Treatment CNO concentration' P-value *
FA CNOO CNO1.3 CNO2.7 CNO3.3 SE Linear Quad.
Cgs
Apparent total-tract digested
g/d! 0.0 10.9 23.0 25.5 0.81 0.001 0.11
% 100 100 100 100 0 NS NS
Cy*
Apparent total-tract digested
g/d! 0.0 10.7 22.4 25.1 0.86 0.001 0.19
% 100 100 100 100 0 NS NS
C’
Apparent total-tract digested
g/d 0.4 73 135 120 3.8 0.001 0.001
% 53 97 98 97 5.3 0.001 0.04
o
Apparent total-tract digested
g/d —6 36 81 86 2.9 0.001 0.02
% NA® 78 88 87 1.4 0.001 0.001
Cis’
Apparent total-tract digested
g/d 81 103 117 113 44 0.001 0.03
% 68 71 75 73 1.9 0.03 NS
Cys’
Apparent total-tract digested
g/d 484 599 564 488 21.8 NS 0.001
% ) 73 79 7 73 1.7 NS 0.01
Ctmns
Fecal output, g/d 5.3 4.6 4.0 4.3 0.36 0.04 NS

"Treatments were 0, 1.3, 2.7, and 3.3% CNO in total dietary DM.

?P-values correspond to orthogonal contrasts of linear and quadratic (Quad.) effect of dietary concentration of CNO. NS: P > 0.20.

*Sum of all FA of this chain length.

IThis FA was not detected in feces.

°Not available; apparent digestive tract release of C14 (P < 0.06).
Sum of all FA of this configuration.

process of hindgut fermentation are largely unavailable
to the host animal. Thus, transferring part of the NDF
digestion to the lower digestive tract of ruminants to
reduce eCH, emissions also may decrease benefits of
ruminal NDF digestion and microbial protein yields.
Often in research, MCFA are fed to mitigate meth-
ane emissions based on partial elimination of protozoa
(Reveneau, 2008) and, either consequently or concur-
rently, methanogens from the rumen (Machmiiller,
2006). Dietary CNO (Reveneau, 2008) and specifically
Cizo and Cjp (Matsumoto et al., 1991) decrease the
density of protozoa in ruminal contents. Protozoa are
not necessarily needed to maintain ruminal NDF diges-
tion. However, protozoa likely aid cellulytic bacteria
and, thus, NDF digestion indirectly in vivo (Karnati et
al., 2009). As a net result in the current study, dietary
CNO of 2.7% or more resulted in reduced total tract
NDF digestion and eCH, emissions simultaneously.
Dietary CNO treatment did not decrease apparent
total tract digestibilities of dietary constituents other
than NDF (Table 4). Thus, we speculate that the cor-
responding eCH, emissions remained steady. This ex-

plains, in part, why eCH, emitted per unit of digested
NDF in the total tract increased as the dietary con-
centration of CNO increased and the amount of NDF
digested decreased. The slight increase in apparent
total tract starch digestibility with increasing dietary
CNO concentrations may be indicative of greater ru-
minal starch digestion and lead to less production of
metabolic hydrogen and consequent incorporation into
eCH,. However, the overall apparent starch digestibility
was already considerable for cows in the control treat-
ment, and the increase in apparent digestibility did not
compensate for decreased starch intake.

Effect on DMI and MY. Concentrations of CNO
of 2.7% or greater lowered DMI and DE intake, and
subsequently MY (Tables 3 and 5). These are common
responses to inclusion of sources of MCFA in ruminant
diets (Reveneau, 2008; Hristov et al., 2011; Hollmann
and Beede, 2012). Furthermore, these responses were
attributable specifically to dietary MCFA and not the
general inclusion of dietary fats based on comparisons
with dietary LCFA (Dohme et al., 2004; Reveneau,
2008; Hollmann and Beede, 2012). The specific metabo-
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Figure 2. Effects of dietary concentrations of coconut oil (CNO)
on FA yields in milk fat. L: linear effect and Q: quadratic effect of
dietary CNO concentration. Error bars = SEM. NS: nonsignificant at
P > 0.20.

lism and partitioning of energy of MCFA presumably
contributes to the DMI depression by dietary MCFA
(Allen et al., 2009; Hollmann and Beede, 2012).
Nutrient Efficiencies and Enteric CH; Emis-
stons. Dietary concentrations of CNO of 2.7 and 3.3%

HOLLMANN ET AL.

decreased eCH, emissions by 37 and 45%, respectively,
compared with no dietary CNO (Table 3). However,
production and efficiency of feed conversion are the
determining factors of farm profitability (VandeHaar,
1998). Improvement in eCH, emissions in CNO2.7 and
CNO3.3 was less when it was expressed based on pro-
ductivity (SCMY; Table 3) or feed conversion (DMI
and DM apparently digested; Table 4). Moreover, di-
etary CNO intensified eCH, emissions per unit of NDF
digested. It is important to take into account that these
ratios do not consider additional environmental risk
factors (e.g., eCH, emissions from nonlactating cattle)
based on a larger herd of dairy cattle to maintain the
same overall milk production. Such a holistic approach
will presumably further diminish any benefits of reduc-
ing eCH, emissions with dietary CNO treatment (Hol-
Imann and Beede, 2010). If mitigation of eCH, emis-
sions is due to decreased digestion of dietary fiber, then
this diminishes a major advantage of ruminants versus
nonruminants in food production systems. In contrast,
inclusion of 1.3% dietary CNO lowered eCH, emitted
per unit of SCMY produced, yet not to the extent of
CNO2.7 and CNO3.3. Unlike the higher CNO concen-

Table 7. Effects of dietary concentration of coconut oil (CNO) on milk FA profile

Treatment CNO concentration' P-value *
FA, g/100 g of FA CNOO CNO1.3 CNO2.7 CNO3.3 SE Linear Quad.
Individual FA
C 12:0 2.61 3.97 5.42 5.97 0.192 0.001 NS
C 12:1, cis 0.93 0.95 0.99 1.00 0.008 0.001 NS
C 13:0 0.10 0.11 0.09 0.09 0.018 NS NS
C 14:0 9.62 10.96 12.26 12.30 0.401 0.001 NS
C 14:1, cis 1.20 1.36 1.99 2.07 0.112 0.001 0.19
C 14:1, trans 0.16 0.17 0.18 0.18 0.018 NS NS
C 15:0 1.00 0.94 1.04 1.01 0.049 NS NS
C 16:0 30.51 31.42 28.04 26.82 0.618 0.001 0.02
C 16:1, cis 1.63 1.55 2.10 2.11 0.129 0.01 NS
C 16:1, trans 0.10 0.36 0.21 0.39 0.452 0.05 NS
C17:0 0.57 0.46 0.44 0.43 0.015 0.001 0.01
C 17:1, cis 0.30 0.25 0.32 0.36 0.020 0.01 0.01
C 18:0 9.08 8.50 7.64 7.19 0.403 0.001 NS
C 18:1, cis-9 20.24 19.12 20.71 21.04 0.769 0.11 0.05
C 18:1, trans 0.92 1.10 3.10 3.30 0.384 0.001 0.13
C 18:2, cis-9,cis-12 3.10 2.50 2.32 2.35 0.230 0.001 0.07
C 18:2, cis-9,trans-11 0.46 0.43 0.42 0.52 0.060 NS NS
C 18:2, trans-10,cis-12 0.10 0.12 0.12 0.13 0.014 0.01 NS
Total®
<C 12 8.11 8.14 6.14 6.11 0.597 0.001 NS
>C12to <C 14 14.35 17.26 20.21 21.40 1.247 0.001 NS
>C 16 to <C 18 69.12 67.26 67.19 65.91 1.178 NS NS
>C 18 0.29 0.32 0.46 0.39 0.040 0.01 NS
cis-unsaturated 29.41 27.54 29.80 30.62 0.983 0.07 0.01
trans-unsaturated 1.93 2.24 4.33 4.54 0.365 0.001 0.18
Other FA* 4.59 3.89 3.83 3.70 0.844 NS NS

"Treatments were 0, 1.3, 2.7, and 3.3% CNO in total dietary DM.

?P-values correspond to orthogonal contrasts of linear and quadratic (Quad.) effect of dietary concentration of CNO. NS: P > 0.20.

Includes FA identified, but not individually listed above.
*FA not identified and not included above.
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trations, CNO1.3 improved SCMY and had little, if
any effect on NDF digestibility or energy intake. This
may be due to general benefits of dietary fats in lac-
tating cow diets or specific benefits from MCFA. For
example, uptake of preformed dietary MCFA (Figure
2) increased milk fat yield and SCMY (Table 3) of cows
fed CNO1.3. Moreover, MCFA are readily oxidized in
tissues (McGarry et al., 1977) and may spare energy for
milk production.

Conversion Efficiency of Dietary Protein. Par-
tial defaunation of the rumen has been proposed to en-
hance the efficiency of microbial protein synthesis and
decrease urinary N losses (Koenig et al., 2000; Hristov
and Jouany, 2005). However, using CNO as a defauna-
tion agent decreases DMI and ruminal NDF digestion,
thus limiting ruminal microbial protein synthesis (Fir-
kins et al., 2007). Dietary CNO decreased milk true
protein yield and concentration (Table 3; Storry et al.,
1974; Reveneau, 2008). Moreover, we are unaware of
any studies in which dietary MCFA increased milk true
protein yield or concentration. Dietary CP was generally
fed above requirements in all experiments; thus, dietary
CP was probably not the limiting factor to microbial
protein synthesis (Firkins et al., 2007). Defaunation
potentially may only improve production response in
diets with marginal or deficient CP concentration (Bird
et al., 1979). Indeed, the increased milk urea-N and de-
creased milk true protein concentrations with increased
CNO concentration in the current experiment (Table 3)
indicated that ruminal N availability was not likely to
limit microbial synthesis.

Apparent Digestion of FA and EE

Increased dietary CNO concentration increased EE
intake and amount of EE apparently digested (Table
4). Interestingly, apparent EE digestibility increased
with increased CNO concentration. However, the true
digestibility for EE is likely underestimated in diets
with little or no added fat, because duodenal flow of
EE is often greater than EE intake due to microbial
FA synthesis (Doreau and Ferlay, 1994). Furthermore,
microbial FA synthesis in the large intestine is likely
increased with the increase in hindgut fermentation
(Doreau and Ferlay, 1994) that presumably occurred
with increased dietary CNO concentration. Thus, the
present improvement in apparent total tract EE digest-
ibility may not indicate an increase in true digestibility
of EE. Additionally, portions of EE in the non-FA lipids
of forages are poorly digestible, which likely accentu-
ated the decreased total tract EE digestibility with less
or no added CNO.

Feeding of CNO increased the intakes of and amounts
of apparently digested Cg to Ciyo FA relative to the
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control (Table 6). In particular, Cg and C;y FA and por-
tions of Cyy FA pass epithelia freely (Hagemeister et al.,
1979) without the need of incorporation into micelles,
as discussed elsewhere (Hollmann and Beede, 2012).
Furthermore, intestinal absorption with supplementa-
tion of FA decreased as chain length increased from C,,
to Cyy to Cyy to Cyg in the rat (Bloom et al., 1951) or
from Ci; to Cyy to Cig in lactating dairy cows (Dohme
et al., 2004). Apparent digestibilities of FA decreased
as chain length increased (Table 6), yet apparent di-
gestibilities of FA that are incorporated into microbial
lipids (predominantly C;; and C;3 FA) were likely un-
derestimated as discussed above for EE. In stark con-
trast to the present results, intestinal absorption of FA
in ruminants was approximately 10 and 15 percentage
units greater for C,3 and C,g FA compared with C;, and
Cyy, respectively, (Doreau and Ferlay, 1994), yet those
experimental diets contained only low concentrations of
C,, and C; FA. Moreover, the absorption of MCFA in
ruminants is mostly unknown; however, absorption of
FA shorter than or equal to C,y anterior to the duode-
num is possible (Hagemeister et al., 1979).

Milk FA Secretion

Dietary CNO concentrations of 2.7% or more de-
pressed milk fat secretion and concentration (Table 3).
This response was specific to CNO or MCFA, as CNO
depressed milk fat compared with LCFA (Reveneau,
2008). Increased dietary CNO concentration increased
the concentration of Cigo yans10.cis12 in milk fat, which
has been associated with MFD (Bauman and Griinari,
2003). Generally, increased concentrations of Cigo jans
10.cis-12 and trans-Cig,; in milk fat are a result of changes
in the pathways of ruminal biohydrogenation. Risk fac-
tors, such as high ruminal availability of starch and
low dietary NDF or forage concentration, can result in
those alternative pathways of biohydrogenation (Lock,
2010). However, ruminal availability of starch presum-
ably varied little in the present experiment, whereas
ruminal NDF digestion was impaired with CNO
treatment. Thus, it is likely that the decreased ratio
of ruminally digested NDF to starch causes changes
in ruminal biohydrogenation (e.g., a shift to Cigo s
10.¢i12 production), which consequently caused MFD.
Moreover, MCFA may inhibit directly methanogenesis
(Machmiiller, 2006), which, in turn, may limit ruminal
NDF digestion to avoid ruminal accumulation of hy-
drogen ions. Decreased counts of protozoa in ruminal
contents were associated with MEFD (Reveneau, 2008).
Therefore, protozoa may be a factor in ruminal biohy-
drogenation. Nonetheless, it is not clear whether MCFA
affect changes in biohydrogenation indirectly via the
depression in ruminal NDF digestion or via a direct ef-
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fect on ruminal microbes. Yet, MFD is often associated
with a low ratio of ruminally digested NDF to starch,
such as in diets with high starch, low NDF, or low
physically effective NDF (resulting in increased passage
rate of NDF in small particles; Lock, 2010). The low
ratio of ruminally digested NDF to starch is consistent
with results in the current study.

In agreement with our previous observations (Hol-
Imann and Beede, 2012), the decrease in milk fat se-
cretion was based on FA synthesized de novo in the
mammary gland (<Cyy) and preformed FA taken up
by the mammary gland (>Cy4; Figure 2). In contrast,
net secretion of milk FA C,, to C;, was similar between
CNOO, and CNO2.7 and CNO3.3. Limitations in de
novo synthesis of these FA with dietary CNO treat-
ment likely were counterbalanced with utilization of
preformed, dietary FA. Remarkably, the highest milk
fat secretion in CNO1.3 was predominantly based on
an increase in secretion of C;, to C,y. Apparently, the
CNO intake was too low to indirectly reduce FA de
novo synthesis, but supplied additional preformed C,,
and C,,. The increases in milk fat concentrations of C,
and Cy, with increasing intakes of these FA (Table 7)
are in concert with previous reports (Reveneau, 2008;
Hollmann and Beede, 2012). Increased concentrations
of Cy5 or C;, may have implications to human health.
Currently, this is an active and controversial area of
research in human nutrition (Lock and Bauman, 2011).

CONCLUSIONS

Dietary CNO concentration of 2.7% or more, DM
basis, reduced eCH, emissions from high-producing
dairy cows. However, reductions in eCH, emissions also
decreased DMI and NDF digestibility. As a result, MY
and SCMY, and importantly also eCH, emitted per
unit of SCMY produced, were decreased. Milk true
protein yield and concentration were also reduced with
CNO treatment. Furthermore, impaired NDF diges-
tion coincided with MFD based on decreased de novo
synthesis of FA and secretion of preformed LCFA. In
contrast, eCH, emitted per unit of milk energy pro-
duced was lowest, milk and milk fat yields were highest,
and conversion of DE into milk energy was greatest for
cows fed 1.3% dietary CNO. Thus, moderate dietary
concentration of CNO (1.3%) was not detrimental to
lactational performance. Nonetheless, 1.3% dietary
CNO did not decrease eCH, emitted per cow. Overall,
dietary CNO at a concentration of 2.7% or greater re-
duced eCH, emissions, but with great concessions in
fiber utilization and milk production. Thus, the ben-
efits of mitigation of eCH, in lactating dairy cows with
dietary CNO or MCFA must be evaluated holistically
on a regional or national dairy herd basis. If mitigation
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of enteric CH, emissions is due to decreased digestion
of dietary fiber, then this would diminish a major ad-
vantage of ruminants compared with nonruminants to
produce human-edible protein and energy.
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